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INTRODUCTION 


Because it is the unit of structure and function in all vertebrate 
kidneys, the renal tubule contains the answer to many questions con- 
cerning the production of urine. Yet any theory which attempts to 
assign the various steps in this process to separate regions of the tubule 
must take into account the surprisingly wide degree of variation in 
tubule structure among the vertebrate groups. The relation of the 
presence or absence of the glomerulus to urine production and to the 
osmotic balance between the organism and different sorts of environ- 
ment has been clearly outlined by H. W. Smith (1932) and others. 
The control of water content and salt concentration depends not only 
upon the action of the glomerulus, but also upon resorption and excre- 
tion by other tubule portions, such as the loop of Henle in mammals, 
and upon entirely extra-renal factors, such as the excretion of urea 
and salts by the gills of fishes. 

The problem of further localizing kidney functions among the re- 
maining segmental differentiations in the tubule proves to be more 
difficult. The fish kidney has been the subject of several cytological 
and histophysiological investigations contributing to this question, but 
confusion has resulted from the extreme diversity of kidney types in 
this group. Very few are found to contain all the segments of the 
typical vertebrate nephron, and Marshall (1934) has concluded that 
only the proximal convolute is common to all. There are as yet few 
clues to the benefits conferred by the other segments upon those fish 
which possess them. Among the forms which are able to adapt to 
sudden changes from fresh to salt water and back again, Grafflin 
(1937a) finds a lack of special development in any particular segment 
in relation to this remarkable ability, and concludes that it must be due 
to entirely extra-renal factors. Yet he does find indications of homolo- 
gies in proximal convolute structure among those few which have been 
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studied cytologically (see below). It is obvious that there is a need 
for observations on more forms, especially because of the wide diversity 
of tubule types in the few already examined. The present study was 
undertaken with this fact in mind, and it was thought that some of 
the little known deep sea fish might present interesting modifications. 
The inaccessibility of their habitat, and the numerous strange adapta- 
tions of body structure which they have produced there, might be taken 
as indications of an early arrival in the sea, which would have given 
plenty of time for kidney structure to reach the aglomerular condition 
considered most logical for marine forms. Actually, the few genera 
so far sectioned all show glomeruli. One of these, however, shows a 
strikingly simple type of kidney, and forms the subject of this paper. 


TABLE I 


Data on the seven Cyclothone sectioned for study of kidney in situ 


Serial Portion of 


Series Length Depth 
sections kidney included 


Number |in mm. taken Fixation 
| 
| 


1 55 Formalinand| 10,4 | Complete 
sea water 








40 Modified 10 u Complete 
Held’s 


56 | 0-2000 m. | Bouin's 5 | Complete 


28 600 m. | Bouin’s 5 | Complete 








26 600 m. Bouin’s Su | Complete 





Modified Posterior, from proximal convo- 
Held’s lute 2nd part to end. 





-- Formalin and | Anterior, as far as proximal 
sea water convolute 2nd part. 














MATERIAL AND METHODS 


The fish used in this investigation is a small deep sea form belonging 
to the genus Cyclothone. It is long and very slender, without eyes, and 
supplied with numerous minute photophores. The specimens range 
from 26 to 56 mm. in length, with corresponding diameters of 3 to 6 
mm. respectively. They were obtained in the vicinity of Bermuda, 
mostly in open-net hauls at depths of 0 to 2,000 m. Some were caught 
in closing-net hauls at 600 meters and other depths. The collections 
were made from the ketch Atlantis of the Woods Hole Oceanographic 
Institution during the summers of 1936 and 1937, and specimens for 
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the present work were obtained through the courtesy of Dr. J. 
Welsh of Harvard University. 

The catch from each haul was usually preserved en masse in formalin 
and sea water. The extremely delicate body of the fish was shorn of 
much of the integument by crowding and rough treatment in the net, 
and was further twisted and distorted, and fixed in this state. Thus it 
was difficult to find a specimen in a straight condition suitable for sec- 
tioning. A few had been fixed separately in Bouin’s or a modified 
Held’s, but were in no better condition. None had been cut open, so 
that fixation was relatively poor. A group of those showing signs of 
better than average fixation plus a minimum of distortion was selected 
for a study of the kidney in situ by means of serial sections of the 
whole animal. In five of these, enough of the bodies were sectioned 
to include the entire urinary systems, which are reproduced approxi- 
mately to scale (Figs. 1-5). A smaller portion of two others also was 
sectioned. All were stained with Harris hematoxylin and eosin. The 
data concerning the seven are given in Table I. 


OBSERVATIONS 


The Cyclothone kidney consists of a single pair of renal tubules 
extending parallel to the long axis of the body. They begin as two 
large, closely approximated Bowman’s capsules, located dorsally at about 
the level of the last gill arches, and run a practically straight course side 
by side until they unite to form the bladder anterior to the anus. An 
investment of hemopoietic tissue surrounds the anterior half of the 
tubules, and just before entering the bladder they pass through a mass 
of glandular tissue which is probably the organ of Stannius. 

Determination of the exact amount of regional differentiation in 
this nephron is difficult in the material available at present. There is 
a glomerulus, a neck segment, and a proximal convoluted segment of 
two portions. These four regions are marked off by histologically 
abrupt transitions. The second portion of the proximal convolute is 
followed by a thin intermediate segment, and this by a terminal segment 
somewhat like the distal convolute described in many tubules. These 
last two, however, are not set off by abrupt shifts in cell types. It is 
necessary to describe a long transitional region before the intermediate 
segment and, although the terminal segment appears rather suddenly, 
there is not a sharp histological transition from the intermediate segment. 


Glomerulus and Neck 


The capsule of Bowman is large, with a well-vascularized glomerular 
tuft which lacks the central avascular core observed in bird and reptile 





352 BRADFORD B. OWEN 


nephron by Vilter (1935). There is a large amount of intracapsular 
space, but it is not filled with coagulum, and does not resemble the 
degenerative enlargements or outpouchings seen by Grafflin (1929) in 
the goosefish capsule. 

The two capsules are separated by a thin septum (Fig. 6) which 
becomes indistinct as it passes between the capillary tufts, so that these 
latter structures appear to form a single unit. It was not determined 
whether there was a separate blood supply for each side of the tuft. 

The short neck segments of the two tubules arise ventrolaterally 
from the glomerular capsules, and there is an almost immediate transi- 
tion to the cells of the proximal convolute (Fig. 6). The neck cells 
bear cilia, but these are relatively few and very fine, requiring oil im- 
mersion for identification. The segment therefore does not give a pic- 
ture comparable to the ciliated neck of other nephrons, such as that 
described by Guyton (1935) in the lungfish. The neck cells are of a 
low cuboidal type, 5 to 8m in height. Nuclei are small, irregular in 
shape, and stain densely. The cytoplasm also takes a hematoxylin 
stain. This is a short segment in all specimens, usually less than 100 p. 
The diameter is small, but the lumen relatively large, so that there seems 
no question as to the functional nature of the glomerulus. 


First Portion of Proximal Convolute 


The cells of this region appear abruptly (Fig. 6). In the first few 
sections, the tubule wall shows a peculiar tufted structure due to the 
fact that the cell height varies from 12 to 50 (Figs. 7 and 8). Very 


soon, however, the cell height becomes comparatively constant (Fig. 9). 
Two of the specimens fail to show this irregularity. 

In one member of the series (No. 7) the cells of the “tufted” 
region just described are filled with very large granules (Fig. 10) which 
crowd the nuclei against the basement membrane. These granules are 
spherical in shape and appear homogeneous in composition. Most of 
them stain a brilliant red with eosin, although a few remain colorless. 
Other specimens show the granules to a lesser extent, always smaller 
and fewer in number. 


Fics. 1 to 5. Diagrammatic reconstruction of kidneys of five Cyclothone 
specimens, X 10. Only one tubule is shown; the other joins it at beginning of 
bladder. Upper stippled areas, hemopoietic tissue; lower stippled areas, organ 
of Stannius. G, glomerulus; N, neck segment; P, first portion of proximal con- 
volute; P,, second portion of proximal convolute; TRANS., transitional zone; IN., 
intermediate segment; 7, terminal segment; 8B, bladder. Arrows indicate level 
of appearance of first ciliated cells. Numbers correspond to those of the series 
described in Table I. 
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The apical cytoplasm is always more or less granular, while that 
below the nucleus shows prominent striations, with fibrille arranged 
parallel to the long axis of the cell and closely packed together. The 


cytoplasm takes a deep eosin stain. There is a uniform brush border, 


rather coarsely fibrillar, and 5 to 8» in height. 

Nuclei are oval, 4 to 5 in diameter, and heavily stained. Their 
position within the cell varies widely. In some specimens, they are 
located below the center of the cell in the first few sections, but later 
become central or even apical. In one series the nuclei are in the basal 
half of the cell throughout, while in another the position is always in 
the apical half (Figs. 7 and 8). The tubule enlarges greatly toward the 
end of this region, and convolutions appear. These always have the 
same simple structure, a double fold (Figs. 1 to 5). 


Second Portion of Proximal Convolute 


At this point there is an abrupt change (Figs. 11 and 12) to a cell 
type with lighter staining cytoplasm, larger nucleus, and high, irregular 
brush border. The cytoplasm shows very few granules, but is still stri- 
ated, with fibrillz loosely packed’ so that the cell appears less dense. 
The brush border becomes exceedingly irregular in form (Figs. 12 


and 13) sometimes extending out into the lumen for a distance of 25 p. 


Its structure is finely granular and sometimes vacuolated, without stri- 
ations. Some portions have a droplet-like appearance as if about to be 
pinched off into the lumen, which suggests that these cells are engaged 
in some sort of apocrine secretion. In later sections, the border be- 
comes lower and more regular, sometimes regaining a striated ap- 
pearance. 

The nuclei are larger than in the first portion and stain less heavily 
(Figs. 11 and 12). They are usually just above the center of the cell. 


Fic. 6. Section of kidney at level of glomeruli, showing the close approxi- 
mation of these bodies. Right tubule (above) sectioned at level of transition from 
neck (right) to P, (left). Other tubule (below) shows scattered P, cells among 
those of neck. Passage from glomerulus into neck is in an earlier section. X 180. 

Fic. 7. Tufted region in early part of P,; in this specimen the nuclei are 
basal and there is a large quantity of granular cytoplasm between them and the 
lumen, X 255. 

Fic. 8. Same region of another specimen. Here the nuclei are apical, and 
there is much less of the granular cytoplasm. X 240. 

Fic. 9. Central part of P,. The tubule wall is even and the brush border 
regular. X 130. 

Fic. 10. Cells of P,, showing remarkable number of large granules. These 
occur in only one specimen; see text. X 535. 

Fic. 11. Section passing through region of transition from P, (cells of upper 
right half) to P, (lower left). > 280. 
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Frequent double nuclei are seen, oriented in a line parallel to the vertical 
axis of the cell ( Fig. 13). 

The cells are wider than in the first portion, but only slightly higher, 
ranging from 15 to 20, in height near the transition from the first 
half of the segment. There is a steady decline in height of cell and 
brush border both, throughout this region. 


Intermediate Segment 


When the brush border is entirely gone and the cells are reduced to 
a cuboidal shape without prominent striations in the cytoplasm, a typical 
intermediate segment has been reached. This is separated from the 
proximal convolute by a long transitional zone in place of the abrupt 
change noted between the other segments. Two factors make it im- 
possible to eliminate this zone. In the first place, the changes in cell 
height and nature of brush border take place gradually. The nucleus 
also slowly becomes smaller and more densely stained. In the second 
place, the cells on the medial side of each tubule retain the tall brush 


border, greater cell height, and fibrillar cytoplasm long after the cells 


of the rest of the epithelium are of the low cuboidal type of the inter- 
mediate segment, without brush border or cytoplasmic striations. 

The tubule in the typical intermediate segment is very small and lies 
on the dorsal wall of the body cavity without any investment of hemo- 
poietic tissue. It is usually less than 50 in diameter, and the cells 
are often much wider than high. The cytoplasm is homogeneous, dense, 
and rather heavily stained with eosin. Although the cell border is 
typically plain, there are frequently various sorts of bleb-like protrusions 
on the cell surfaces which are very much like a brush border. 


Fic. 12. Same region under higher magnification. Note abruptness of transi- 
tion; P, cells are on right. XX 630. 

Fic. 13. Typical high brush border of P,. It is highest on the medial wall of 
each tubule. X 240. 

Fic. 14. Whole section; the kidney tubules lie just above the oesophagus 
(center). Dorsal side uppermost. The heart may be seen ventraily. X 9. 

Fic. 15. Beginning of transitional zone. The epithelium is low, brush border 
is beginning to disappear (upper left) and ciliated cells are common. X 365. 

Fic. 16. Intermediate segment. Very low epithelium, no brush border, cilia 
numerous. Note small size of tubule. X 720. 

Fic. 17. Portion of tubule wall (P,) to show a typical isolated ciliated cell. 
X 630. 

Fic. 18. Terminal segment. The strong suggestion of a brush border 
shown here is absent on most of the other specimens. X 645. 

Fic. 19. Stannius organ, with kidney tubule at either end of glandular mass. 
x 90. 





Fics. 12-19 
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Cilia are fairly numerous, but are so extremely fine in texture that 


they never form a conspicuous feature of the tubule topography, and 


frequently require high power to be seen at all. Isolated ciliated cells 
first occur early in the second portion of the proximal convolute (Figs. 
1 to 5). They are conspicuous as small cells without a brush border 
and with heavily stained nuclei, wedged between the other cells of the 
tubule wall (Fig. 17). The several cilia from each such cell are fused 
into one strand, only occasionally showing the individual elements. 
Rare at first, these cells become progressively more numerous up to the 
end of the intermediate segment, where there may be several in one 
cross-section (Fig. 15). In both structure and distribution they re- 
semble the isolated ciliated cells in the second portion of the proximal 


convolute of the lungfish (Guyton, 1935). 


Terminal Segment 


As the tubule enters the organ of Stannius (Fig. 19) the cilia 
disappear, and there is a certain amount of restoration of the glandular 
type of epithelium. It shows an increase in thickness in all cases, usu- 
ally about 20 per cent, but in two specimens the cells are doubled in 
height, and regain the striated cytoplasm. In one of these there is also 
a marked accumulation of basophilic granules in the apical region of the 
cell (Fig. 18). The cell margins are uneven and sometimes the rough- 
ness suggests a brush border (Fig. 18). In certain regions, however, 
the luminal border is smooth, while some of the nephrons show no 
sign of this surface modification at all, so that it is assumed this is not 
a brush border segment. 

The transition to the terminal segment takes place within the distance 
covered by five or six sections, in one specimen, yet there is always a 
gradation of one cell type into the other, without an abrupt change. 

It seems safe to conclude that there is no collecting segment, for 
the glandular epithelium frequently lasts unchanged to the point of 
union of the tubules at the bladder. Some tubules show a gradual 
return toward the structure of the intermediate segment, but the cells 
always remain somewhat taller. 

Convolutions appear just before the start of the bladder. They are 
much less regular than the first set described above. The large speci- 
mens, which are females, show only a slight bending of the tubule, 
while in the small ones (Figs. 4 and 5) it may go through several tor- 
tuous loops. It is interesting to note that these smaller individuals are 
males, a fact which suggests that the extra convolutions might bear 
some relation to the “ sexual segment ” observed in certain vertebrate 
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male kidney tubules. However, no connection was observed between 


the testis and the kidney in either of the two males sectioned. 

In the midst of these convolutions, the tubule leaves the organ of 
Stannius and descends ventrally to the bladder. This organ is lined 
with a low cuboidal epithelium, in which the curved tops of the cells 
give a characteristic biscuit-like appearance. A very thin coat of smooth 
muscle completes the structure. An external opening is found behind 
that of the digestive tube, and close to that of the reproductive tract, 
at least in the case of the female. Neither of the male specimens shows 
an open duct leading from the testis, although a very thin strand of 
tissue can be traced back from this organ toward the region of the anus. 


DISCUSSION 


All the Cyclothone kidneys so far sectioned show a high degree of 
similarity between corresponding parts of the tubules from the glomer- 
ulus on through most of the second portion of the proximal convolute. 
Beyond this region differences are encountered in the nature of the epi- 
thelium, making it difficult to find characters common to all, and next 
to impossible to draw comparisons with other tubule types. 

The confusion with regard to structure in this region is not entirely 
due to an unusual tendency toward individual variations. The proximal 
half of the tubule shows decidedly better fixation of important cellular 
features, probably because penetration was much faster there in the 
region of the gills than it was posteriorly where the kidney is surrounded 
by the thick muscle layers of the body wall (Fig. 19). 

Audigé (1910) states that the typical teleost kidney may consist of 
three parts, the head, middle, and hind kidney. The head kidney in 
young fish contains two large glomeruli derived from the pronephros. 
These are rarely seen in adults, although Price (1910) describes one in 
Bdellostoma stouti. In Cyclothone there is a lack of any opening into 
the ccelom such as would be expected with a pronephric tubule, and in 
addition the glomerulus is not external. Furthermore, there is a direct 
passage toward a urinary bladder along a tubule whose epithelium is 
characteristic of the renal tubules of typical vertebrate mesonephroi. 
Nevertheless, the extreme anterior location of these two bodies suggests 
that they may be modified pronephric glomeruli, associated posteriorly 
with a pronephric duct which has undergone modification into a typical 
secretory tubule. 

There is a remarkable variation in tubule sizes among the seven 
individuals sectioned. In the typical vertebrate kidney all tubules are 
identical, but their number varies with the size of the kidney and of the 
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animal containing it. Nash (1931) has pointed out the constancy of 
the ratio between tubule number and body surface in several fish. In 
the present example, however, the tubule number is constant. The 
amount of kidney tissue is nevertheless adjusted to the size of the ani- 
mal, simply by a change in size and length of the tubules themselves. 
The size of the fish from which these tubules are taken is given in 
Table I. 

Even the smallest of the five illustrated here is a rather large tubule 
in comparison with those of other fish. Table II lists the approximate 
measurements of the largest and smallest tubules of the Cyclothone 
series (Figs. 1 and 5). These may be compared with tubule sizes 
reported by Nash (1931) for a large number of species. Tubule lengths 
he found usually between 1 and 9 mm.; diameters ranged upwards 
from 25,4. Glomeruli were commonly between 35 and 954. But 


TABLE II 


Approximate measures of largest and smallest tubules of Cyclothone series 





Segment diameters () 











Total 
length 
Glomerulus | Prox. conv. | Interm. | Terminal 
Largest (No. 1) te ne 250 200 50 60 14.2 mm. 
Smallest (No. 5).. a 130 100 30 50 5.6 mm. 


isolated examples in his list far exceed this range: the hagfish glomeru- 
lus is 500 w in diameter, and the nephron of the skate attains a length 
of 19 mm. Therefore the Cyclothone nephron comes well within the 
limits observed by Nash. In only one specimen is the tubule diameter 
really exceptional; the proximal convolute of No. 3 measures 500 » in 
several places. 

The lack of special cytological preparations makes it difficult to 
homologize the finer structure of the different tubule regions with those 
of other kidneys. In his description of the cell types in the two por- 
tions of the proximal convolute of the sculpin, Grafflin (1937c) lists, 
among others, these three points of difference: the second part shows 
smaller nuclei, a more eosinophilic cytoplasm, and lower brush border, 
than the first. This is exactly the reverse of the condition as regards 
these three characters in the Cyclothone proximal convolute divisions. 
This suggests that the two portions of the proximal convolute in these 
two animals should be homologized in reverse order. Yet throughout 
the whole proximal convolute of the Cyclothone nephron, the cells show 


remem 
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a greater density of the cytoplasm on the luminal side of the nucleus, 
which is just the opposite of the condition reported in the sculpin. 

In attempting to set up a general picture of homologies among the 
different fish kidneys, Grafflin (1937d) concludes that the cell type of 
the second half of the proximal convolute of the sculpin is homologous 
with the same region in the tubule of the eel, and with the entire 
proximal convolute of the toadfish which shows no signs of division 
into two parts. Also, the first portion of the proximal convolute in eel 
and sculpin presents a second homology. Returning to Cyclothone, if 
we try to make a comparison between the first part of the proximal 
convolute, and the second part of that segment in the eel, as we tried 
to do with the sculpin above, we find again the same similarity as to 
eosinophilic cytoplasm and lower brush border. The difference in nu- 
clear size, however, is not mentioned in Grafflin’s description of the 
eel nephron (1937), and our comparison is further weakened by the 
appearance of his figure showing the point of transition between the 
two cell types. This photograph shows a much larger cell in the second 
portion of the tubule and suggests that the homology with Cyclothone 
may well be a direct one, part one with part one and part two with part 


“ 


two. This view is further strengthened by the fact that a “zone of 
granular cells ” sometimes appears in the first half of the proximal con- 
volute of the eel, just as does a similar zone in one of the Cyclothone 
specimens (see above and Fig. 10). 

The nephron of the lungfish, Lepidosiren paradoxa, according to 
the description of Guyton (1935) is quite similar in size to that of the 
larger cyclothones, and except for having an initial collecting segment, 
it is divided into the same general regions. Grafflin finds that this tubule 
does not fit very well into his scheme of homologies among proximal 
convolutes. The first portion of that segment in the lungfish resembles 
the second in sculpin and eel, while the second part doesn’t resemble 
anything at all in the other two. The principal cell in this second part 
has an inconspicuous brush border and lacks prominent vertical striations 
in the cytoplasm. While these characters make it as foreign to Cyclo- 
thone as to the eel and sculpin, it is nevertheless worth noting that it 
shows a denser apical cytoplasm much like the cells of the proximal 
convolute in the Cyclothone nephron. The shape and distribution (in- 
creasing toward the distal end) of the ciliated cells in the second part 
of that segment is similar in these two fish also. 

It should be emphasized that the problem of homologies between 
cell types of the various segments in different tubules depends upon 
the constancy of the characters chosen for comparison. In the sculpin, 
the nuclei of the cells of the first part of the proximal convolute are 
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described as being usually in a central position, although sometimes at 


the base of the cell. In the same region of the eel, nuclear position is 
stated as almost invariably basal. In the Cyclothone tubules, it is pos- 
sible to compare areas at exactly the same distance along each segment. 
When this is done one finds, using the first part of the proximal con- 
volute as an example, a variation all the way from basal nuclei to apical 
ones (Figs. 7 and 8). The coarsely granular cytoplasm in the apical 
region of cells in both these tubules suggests that this area is engaged 
in active secretion, and that the nuclear position may simply vary with 
changes in the cytoplasmic volume at the apical end. That such changes 
may follow a definite cycle can be seen from the histophysiological stud- 
ies made by von MoOllendorff (1937) on fish kidneys. He observes a 
secretory cycle involving changes in both cell border and cytoplasmic 
content. Such a series of repeated changes make it risky to consider 
many cytological features specific for one tubule region, until it be 
determined whether they are subject to change under various physio- 
logical states of the segment in question. 

In conclusion I wish to state my sincere appreciation for the kind- 
ness of Professor A. B. Dawson of Harvard University in suggesting 
this problem and in offering valuable advice at all times in the course 
of the work. 

SUMMARY 


The Cyclothone kidney is extremely simple. The entire system con- 
sists of two tubules running a practically straight course side by side 
and uniting at the bladder. They are surrounded anteriorly by hemo- 
poietic tissue and posteriorly by the organ of Stannius. 

The tubules can be divided into the following histologically distinct 
portions: glomerular capsule; neck segment; proximal convolute, with 
two types of brush border epithelium; ciliated intermediate segment ; 
and terminal segment. An abrupt change in cell type separates the 
neck segment and the two parts of the proximal convolute, but the inter- 
mediate segment arises after a long zone of slow transition, and the cells 
of the terminal segment also appear gradually. 

The cell types of the different regions of the nephron are described, 
with a discussion of the problems of homologies between tubule segments 
of different kidneys. 
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EYES OF DEEP-SEA CRUSTACEANS 
II. SERGESTIDAE 


J. H. WELSH AND F. A. CHACE, JR. 


(From the Woods Hole Oceanographic Institution! and the Biological 
Laboratories, Harvard University) 


INTRODUCTION 


In the first of this series of papers which dealt with the eyes of 
the Acanthephyridae (Welsh and Chace, 1937) it was shown that 
Hymenodora glacialis, a species of deep-sea prawn which normally lives 
at a level below the photic zone, has quite degenerate eyes, while related 
species which normally inhabit the photic zone have well-developed and 
obviously functional eyes. It was also shown that among the acan- 
thephyrids of the photic zone those possessing photophores have larger 
eyes in proportion to body size than those which lack the means to 
produce light of their own. Since such correlations between the struc- 
tural development of the eye, light intensity and the ability to produce 
light are of considerable interest from the standpoint of adaptation, the 
present study of the eyes of the Sergestidae was undertaken with these 
points in mind. 

Much of the literature dealing with the eyes of deep-sea crustaceans 
was cited in the paper already referred to and since collecting methods 
were also discussed in this paper and one by Welsh, Chace and Nunne- 
macher (1937), it will be unnecessary to discuss these matters further. 

We are greatly indebted to Dr. H. B. Bigelow for the privilege of 
continuing this work and to the Milton Fund Committee of Harvard 
University for a grant which cared for certain of the expenses of the 
investigation. 


CHARACTERISTICS AND DISTRIBUTION OF THE SERGESTIDAE 


The prawns which make up the family Sergestidae form a well- 
defined, aberrant group of the most primitive tribe of the Natantia, the 
Penaeidea. Since the species dealt with in this paper belong, in the 
main, to the genus Sergestes it is not necessary to dwell on the four 
remaining genera of the group. 


1 Contribution No. 176. 
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All of the species of Sergestes are slender-bodied animals with long, 
slender appendages (Fig. 1) and an integument that is never as firm 
as in most of the acanthephyrids. Despite their fragile appearance, 
most of the species retain their form and appendages fully as well as 
most other pelagic decapods when subjected to the usual handling. The 
last two pairs of thoracic legs are flattened and shorter than the other 
three pairs and fringed with long hairs. These, in conjunction with the 
long, well-developed pleopods suggest that the sergestids are among 


the fastest swimming of the pelagic Crustacea. Further indication 
that such is the case is provided by the fact that very few adult speci- 
mens and practically none of the mature individuals of the larger spe- 
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Fic. 1. Sergestes grandis Sund, female, showing certain of the features which 
characterize sergestids. Photophores, which are present only in certain species, 
are indicated by solid black spots. 


cies were captured until the advent of the motor-driven vessel which 
was able to tow nets at a fairly rapid rate of speed. In collections now 
made with modern ships and apparatus, however, sergestids are very 
frequently encountered, and a number of the North Atlantic species are 
apparently reasonably abundant in the midwater area; possibly the 
commonest species in any one region is the luminous species, Sergestes 
lucens Hansen, from off Japan, of which 10 million pounds are said 
to be taken annually by commercial fisheries. 

The lack of adult individuals and the extremely long and complicated 
larval history of these animals were the chief obstacles in the path of 
the correct determination of species by the early carcinologists. In- 
numerable species have been described, a great many on larval forms, 
and it was not until the last few years that any idea of the number 
of valid species could be learned. It is estimated that there are between 
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thirty and thirty-five species of Sergestes, and even now several com- 
parisons, particularly between Atlantic and Pacific specimens, are neces- 
sary before the exact number of known forms can be ascertained. 

Although they inhabit the general “black fish-red prawn” area, 
only two of the sixteen species known from the North Atlantic are 
distinctly red in color. The others range from a deep rose pink and a 
pattern of red spots to almost perfectly transparent forms in which the 
internal organs may be clearly seen. 

In 1903 photophores or luminescent organs were observed for the 
first time in any species of the genus and since then they have been 
described in four other species. Recently organs which are probably 
photophores have been detected in three other Atlantic species. It is 
very probable that further study of fresh material will show that about 
a dozen species possess these structures. So far as we are aware no 
instance of the discharge of a “luminous cloud” such as observed in 
several other bathypelagic forms has as yet been recorded for these 
forms. 

The species are most abundant in tropical and sub-tropical areas, 
being most numerous in the Atlantic between the Tropic of Capricorn 
and 30° North Latitude. Although fourteen of the sixteen species 
known from the North Atlantic area were taken by “ Atlantis” at Sta- 
tions 2666 (39° N., 70° W.) and 2667 (35° N., 69° 36’ W.), only 
three species have been taken by any expeditions north of 47° N. Lat. 
The horizontal distribution of the species of Sergestes is similar to that 
of other bathypelagic decapods; several species have been taken at 
numerous localities throughout the world, while others have a restricted 
distribution with closely related species inhabiting corresponding areas 
in other oceans. 

Comparatively little is known of the vertical distribution of these 
animals. This is far from surprising when one realizes that previous 
expeditions have for the most part used open nets, which are perhaps 
more likely to catch animals when the net is being raised to the surface 
than at any other time. Also, most expeditions have covered a wide 
area and an attempt has been made in the reports to combine into one 
table the depth records for each species from these widely scattered 
localities. When one considers that probably no condition save pressure 
is everywhere constant at a given depth; when one realizes that light 
intensity, temperature, oxygen content and the chemical composition of 
the water all vary markedly at different localities at a stated depth, it is 
no less than amazing that certain species are apparently found at so 
nearly similar depths in all parts of the area in which they are encoun- 
tered. Until exhaustive collections are made with closing nets at single 
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stations and the results examined separately we will continue to be 
quite ignorant of the optimum conditions preferred by the various spe- 
cies. Table I gives a very rough idea of the depths at which the various 


TABLE I 


Depths in meters at which adult specimens of Sergestes have been taken with 
closing nets by ‘‘Aélantis.”’ 2 











0 | 200 | 400 | 600 | 800 | 1000| 1200 | 1400| 1500 | 1800 | 2000 | 2050 
Sergestes 
mollis*...... fe. | RM] RX] XX] | X | mime | sz 
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gectinates.....|..1/ X | X21 | X } 
arcticus..... . :VELBPRIBi KR | Pen 
- corniculum.....}..| .. | X X | 
edwardsi..... ; =| | | | 
cornutus...... xX iz | 
Gs bx <0 sche X | X | X | | 
atlanticus... . : |X | | 
tenuiremis.....| say era | X | | 
grandis..... bed : : = | 
CUBS 06:2 5 tae so ed 
laies.......1..) 4181S} | | | | 
! 








2 The records of surface catches of adults of S. atlanticus, S. cornutus and S. 
vigilax have been taken from the reports of other expeditions. 

3 The catches of S. mollis at 600, 800 and 1,000 meters were all made at Station 
2894. The lower transparency of the water in this region as compared with the 
Sargasso Sea, where most of the other hauls were made, may account, in part, for 
this occurrence of S. mollis at depths so much shallower than those at which it is 
usually taken. 


species may be encountered in the area explored by “ Atlantis.” The 
records for S. arcticus were made at Stations 2463 and 2894, and for 
S. mollis at Stations 2475, 2666, 2667 and 2894; the other “ Atlantis ” 
specimens were all taken at Station 2667. Since most of the tows 
at Station 2667, from which most of the material was obtained, were 
made only at 400 and 800 meters, very little is known of the lower 
limits of any of these species. It is hoped that work on “ Atlantis ” 
in the near future ‘at Station 2667 in greater depths will make the 
picture more nearly complete. 


EXTERNAL FEATURES OF THE EYES 


The accompanying figures (2~9) and Table II illustrate the amount 
of variation in the eyes of Sergestes. Since the body is less compressed 
and the bases of the antennal scales are broader in these forms than in 
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the acanthephyrids, the eyes are borne on relatively longer stalks to 
enable the animal to see in all directions when the eyes are extended 
laterally. Since the length of the carapace is apparently not a con- 
stant fraction of the total body length and since such robust species as 
S. crassus have a much shorter carapace in proportion to body size than 
slender species like S. corniculum, it was found that the ratio of the 
diameter of the cornea to the carapace length showed less clearly the 
actual comparative sizes of the eyes than did the ratio of the diameter 
of the cornea to the entire length of the cornea and eyestalk and the 


TABLE II 


Relative size of the cornea as compared with the length of the carapace and the 
combined length of eyestalk and cornea in thirteen species of Sergestes. 





Ratio Ratio Ratio 

Species | eS cornea Length - cornea Diameter of cornea 

Lepeinctcarmes | Lengthl comes | Lenath of carapace 

Sergestes | 

Se 0.34 0.25 0.052 
I ea se asclc 0.40 0.31 0.085 
pectinatus...... 0.45 0.36 0.099 
arcticus...... ee 0.46 0.38 0.090 
corniculum...... .| 0.47 0.43 0.072 
edwardsi..... 0.54 0.37 0.098 
cornutus..........} 0.56 0.34 0.092 
ea. aveit.n 0.57 0.44 0.097 
atlanticus........ 0.58 0.42 0.105 
tenuiremis*. . . 0.63 0.53 0.088 
grandis*..... niael 0.63 0.57 | 0.081 
crassus*......... 0.65 0.50 | 0.132 
robustus®........ 0.67 0.67 0.115 


* Luminescent species. 


portion of the entire cornea and stalk occupied by the cornea. Even 
the latter comparisons are far from ideal as some species such as S. 
arcticus apparently have a longer stalk than others, but a more trust- 
worthy comparison could not be found. Every part of a prawn which 
might be compared to the diameter of the eye is found to show some 
specific variation. 

It is apparent from the accompanying figures that by far the smallest 
eyes in proportion to body size are to be found in S. mollis (Fig. 2), 
the only Atlantic species that obviously is restricted, for the most part, 
below the 1,000 meter zone. This species is a soft-bodied form, red 
in color, and it recalls to mind Hymenodora among the acanthephyrids, 
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although the eyes are far less degenerate than in the latter. One other 
sergestid, Petalidium obesum, very probably inhabits a similar depth 
and the eyes in it are possibly even smaller than in S. mollis. The form 





Fic. 2. Sergestes mollis Smith, male, 48 mm. in length. A species which is 
usually taken below the photic zone. Photophores absent. X 5. 

Fic. 3. Sergestes arcticus Kroyer, male, 40 mm. in length. Photophores 
absent. X 5. 

Fic. 4. Sergestes grandis Sund, female, 56 mm. in length. Photophores 
present. X 5. 

Fic. 5. Sergestes robustus Smith, male, 58 mm. in length. Photophores 
present. X 5. 


with the largest eyes, S. robustus (Fig. 5) is not, as might be expected, 


one of the species that frequents the surface layers. In fact, those four 
species which have the broadest eyes in proportion to the stalk, S. 
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tenuiremis (Fig. 6), S. grandis (Fig. 4), S. crassus (Fig. 8), and 
S. robustus, are seldom taken in the upper 400 meters. Next in order 
above these (possibly by chance) are the three species which have been 





Fic. 6. Sergestes tenuiremis Kroyer, male, 52 mm. in length. Photophores 
present. x 5. 

Fig. 7. Sergestes cornutus Kroyer, female, 14 mm. in length. Photophores 
absent. X 5. 

Fic. 8. Sergestes crassus Hansen, male, 24 mm. in length. Photophores 
present. X 5, 

Fic. 9. Sergestes atlanticus H. Milne Edwards, female, 18 mm. in length. 
Photophores absent. X 5. 


found at the surface, and between this group and S. mollis are five 
species with rather small eyes which, so far as is known, frequent the 
lower part of the photic zone.‘ 


*The investigations of Welsh, Chace and Nunnemacher (1937), and more 
recent unpublished studies, indicate that certain of the sergestids undergo ex- 
tensive diurnal vertical migrations. The level of maximum numbers of a given 
species may be between the surface and 200 meters during the night and between 
600 and 800 meters during the day. Therefore it is impossible to state that a 
certain species lives normally at a certain depth, and the most one can say is that 
the majority of the sergestids live in the photic zone and perhaps only one species 
in the North Atlantic, S. mollis, normally occurs below the level to which light 
penetrates. 
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If these figures present a true picture of the relative sizes of the 
eyes in the various species examined, one would naturally look for some 
factor to account for the large eyes of the four species at the bottom 
of the table. We believe that the answer may be found in the possi- 
bility that those species possess luminescent organs or photophores. 

Until the sergestids of the “ Michael Sars” expedition were re- 
ported upon by Sund in 1920 there was but one North Atlantic species, 
S. splendens Hansen, which was known to have photophores. Sund 
mentioned some pigmented spots in three other species, S. grandis, S. 
crassus (== 5S. splendens Sund), and S. robustus, which he suggested 
might be luminous organs. From the material of these three species 
collected by “‘ Atlantis” we have been able to confirm his observations, 
and, although no histological preparations have as yet been made of 


this material, the position of the spots parallels so closely that of the 
photophores in those species which unquestionably possess them that 
there seems little doubt that such is their function. S. crassus and 
S. robustus apparently have these spots only on the antennal scales and 
outer uropods, while S. grandis (Fig. 1) has them scattered about the 
body and legs, particularly under the thorax and abdomen. In one 
large specimen of the latter species no less than 167 of these structures 
were counted. Hansen (1922) apparently doubted that these spots were 
actually photophores since they were not equipped with the lens-like 
structure found in the photophores of most other decapods and so 
become invisible in specimens preserved in alcohol or for too long in 
formalin. However, Kemp (1925) has described what he believes to 
be luminous organs in three species of pandalids from the Indian Ocean 
and these differ in structure from those which are known of other 
decapods in lacking any external trace of a lens. 

If, then, the assumption is allowed that these structures are lumin- 
escent, only S. tenuiremis remains of those species which have the ratio 
of cornea to length of eyestalk greater than 0.60 and the ratio of the 
length of the cornea to the eyestalk greater than 0.50. Because no 
luminiscent structures were known in that species, a careful examina- 
tion of a large male specimen was made. Although the specimen had 
been in formalin for about seven months and the characteristic red 
color had consequently disappeared, a pair of large, whitish organs 
were found in the coxae of the last pair of thoracic legs near the open- 
ings of the vasa deferentia. Sections made from one of these organs 
proved that they were almost certainly a cluster of at least three large 
photophores with well developed lenses entirely enveloped by the sur- 


rounding tissues. Their position and the absence of an external lens 
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closely parallels the structures described by Kemp in the- Indian 
pandalids. 

The evidence presented would indicate that there is some correlation 
between the size of the cornea in the species of Sergestes which live near 


the limit of light penetration and the presence or absence of luminescent 


organs. In the other five species which are known to have photophores, 
S. challengeri Hansen, S. fulgens Hansen, S. prehensilis Bate and S. 
splendens Hansen the eyes are described and figured as large, although 
the figures are usually not sufficiently accurate to permit actual measure- 
ments. O. Pesta (1918) described structures on the inner side of the 
carapace in S. corniculum which he suggested might be photophores, 
but if these spots do prove to be luminous the proposed theory obviously 
does not hold for this species.° 

Approximately one half of the described North Atlantic species 
possess a small tubercle on the inner margin of the eyestalk near the 
cornea. It may be of interest to list here the species which have or do 
not have this tubercle, although there seems to be no correlation be- 
tween the presence or absence of such a structure and the presence or 
absence of photophores or the size of the cornea. 

Tubercle present Tubercle absent 

S. armatus S. arcticus 
. corniculum S. atlanticus 
). Crassus S. cornutus 
}. grandis S. edwardsi 
). pectinatus }. mollis 
). SAYgaSst . robustus 


}. Lenuiremis S. splendens 
S. vigtlax 


5 According to Burkenroad (1937) Organs of Pesta are probably present in 
all species of sergestids excepting S. mollis, S. tenuiremis and S. challengeri. 


Figures 10-15 inclusive are all from dorso-ventral sections of eyes, unstained, 
X 32. 

Fic. 10. Photomicrograph of a section of an eye of Sergestes corniculum 
made by means of transmitted light. 

Fic. 11. The same preparation as in Fig.'10 photographed by means of dark- 
field illumination. The reflecting pigment which is more abundant in the dorsal 
part of the eye may be readily distinguished from the screening pigment. 

Fic. 12. Photomicrograph of a section of an eye of Sergestes robustus made 
by means of transmitted light. 

Fic. 13. The same preparation as in Fig. 12 photographed by means of dark- 
field illumination. The reflecting pigment is more abundant in the dorsal region 
which is toward the left. 

Fic. 14. Photomicrograph of a section of an eye of Sergestes mollis made 
by means of transmitted light. 

Fic. 15. The same preparation as in Fig. 14 photographed by means of dark- 
field illumination. The reflecting pigment is more evenly distributed throughout 
‘ne region of the eye where it normally occurs. 
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Structure and Pigmentation of the Eyes 


The eves of eight species of sergestids were sectioned and examined 
histologically. The structure of these eyes was found to be essentially 
like that of deep and shallow-water shrimps and prawns whose eyes 
have been frequently described. One feature common to all was found 
to be the large and clearly defined rhabdomes, the receptor elements 
of the eye. The most striking differences were seen in the amounts 
and distribution of screening and reflecting pigments. 

The eyes of S. grandis and S. tenuiremis resemble those of S. 
robustus (Figs. 12 and 13). It has already been pointed out that these 
three species possess photophores and this probably accounts for their 
large eyes. This may also be the reason for the large amount of 
reflecting pigment found in these eyes. Its distribution is such that 
the periphery of the eye may be more sensitive to differences in light 
intensity than the central portion, and the larger amount of proximal 
pigment in the central portion of the eye may conceivably increase the 
visual acuity of the region by a partial isolation of the rhabdomes from 
one another. 

S. corniculum (Figs. 10 and 11), S. arcticus, S. armatus and Peta- 
lidium obesum probably do not possess photophores and certain of 
them may inhabit a region of higher light intensity than the three men- 
tioned above. Of these forms only the first has any reflecting pigment 
in the eye, the others completely lacking this set of pigment. S. arcticus 
and P. obesum have a large amount of black, proximal, screening 
pigment. 

Since S. mollis normally lives below the photic zone, as does the 
acanthephyrid Hymenodora glacialis, one might expect to find that its 
eyes were equally degenerate but such is not the case. They are the 
smallest, in relation to body size, of all the sergestids examined by us, 
but structurally the eye shows very little modification which may be 
correlated with life in a zone to which sunlight does not penetrate 
(Figs. 14 and 15). The even distribution of reflecting pigment may 
conceivably be related to the conditions under which the animal lives, 
but there are fairly large amounts of distal and proximal screening 


pigments. In Hymenodora (Welsh and Chace, 1937) it was shown 


that screening pigments were completely lacking, the rhabdomes had 
disappeared and there was an abnormally large amount of reflecting 
pigment. Hence the eye was considered to be quite degenerate and 
capable of doing no more than registering changes in light intensity. 
Decapod crustaceans which are known with certainty to dwell ex- 
clusively in the vast intermediate region of the sea, between the lower 
limit of the photic zone and the bottom (excepting the bottom fauna), 
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are not numerous as regards species. Until more have been studied it 
will be impossible to determine the exact trend in the degeneration of 
the eye as a result of living in complete darkness. From the work thus 
far carried out, however, it appears that depth, hence light intensity, 
modifies the eye, but in addition the possession of photophores and the 
ability to produce light is a most important factor in this adaptation. 


SUMMARY 


1. Fourteen species of Sergestes have been taken in closing nets 
from the western part of the North Atlantic and the size and struc- 
ture of their eyes have been related to the depth at which certain species 
occur and to the presence or absence of photophores. 

' 2. Sergestes mollis is ordinarily taken below the photic zone and this 
species lacks photophores. The corneal portion of the eye of this form 
is smaller in relation to body size than is that of any other species 
studied. The eyes, however, are not so degenerate structurally as those 
of Hymenodora glacialis, an acanthephyrid having a similar vertical 
distribution. 

3. Sergestes tenuiremis, S. grandis, S. crassus and S. robustus have 
been shown to possess organs which are probably photophores and these 
four species have the largest eyes in respect to body size of all which 
have been studied. Hence it may be concluded that the production of 
light by such an organism influences in some way the development of 
the eye. This agrees with the findings on the acanthephyrids. 

4. The remainder of the sergestids studied which live within the 
photic zone have eyes smaller than those which possess photophores and 
in certain cases (S. arcticus and S. armatus) the pigmentation of the 
eye is quite unusual. 
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THE QUANTITATIVE VERTICAL DISTRIBUTION OF 
MACROZOOPLANKTON IN THE ATLANTIC 
OCEAN BASIN? 


BENJAMIN B. LEAVITT 


(From the Woods Hole Oceanographic Institution, Woods Hole, Massachusetts) 


During the summer of 1933 investigations were begun on the quan- 
titative distribution of plankton with depth in deep water in the offing 
of Woods Hole, based on the volumes caught at different depths at 
levels two hundred meters apart (Leavitt, 1935). The present report 
is a continuation of this work. It also includes a partial analysis of 
the fauna which is responsible for variations in quantity at different 
depths. 

LOCALITIES OF COLLECTION 

The collections were made from the research vessel “ Atlantis,” at 
9 stations, 100 to 300 miles south and east of Woods Hole (Fig. 1) ; 
precise localities and dates are given in Table I (p. 378). 

Three of the ten stations (1733, 2263, 2462) were located in 
Sargasso Sea water, offshore from the Gulf Stream, one (1735) in 
the axis of the latter,? and six (1737, 1739, 2216, 2260, 2463, 2475) 
in the slope water inshore from the latter. These locations were chosen 
as representing oceanic conditions, all being well outside the continental 
edge, in deep water. One hundred and seventeen deep hauls were 
made, which may be dealt with from a quantitative point of view. 


METHODS 


The material was collected in closing-nets, either 1 meter or 2 
meters in diameter, operated as earlier described (Leavitt, 1935). The 
releasing device (Fig. 2) has subsequently been improved to overcome 
the difficulties which arose with earlier models. It is made of phosphor- 
bronze and is hinged so that it may be opened to place it (on the cable) 
around a clamp which is bolted to the cable to prevent the releasing 
device from sliding up and down. The toggle bars to which the bridles 

1 Contribution No. 174 of the Woods Hole Oceanographic Institution. 

2 Following Iselin (1933) the term “ Gulf Stream” is used to include not only 
the band of warmest surface water or that wherein the northeastward current is 
most pronounced, but the whole body of water, extending down to 2,000 meters, 


across which the isotherms and isohalines dip steeply in the inshore-offshore 
direction. 
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are attached are so shaped as to obviate any danger of their failing to 
swing out and drop the bridles, when released. The messengers, also, 
are hinged to facilitate placing them on the cable, and locked in place 
by a pin. The proper functioning of the net depends on the release of 
the toggle bars in the correct sequence by the messengers (Fig. 2). 
This depends not only on the second trigger being offset far enough to 
obviate any danger of its being struck by the first messenger, but also 
on the second messenger (cupping the first) being large enough in 
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Fic. 1. Location of stations. 


diameter and long enough to receive proper guidance by the towing 
cable. Experience has also shown that unless the messengers are bored 
somewhat oversize the vibration of the cable may impede their progress 
downward through the water. 

The releasing device and messengers are adapted for use in series 
and four nets were used, simultaneously, on the one cable. 

Since there is no way of determining, from the condition of the 
nets themselves, on their arrival at the surface, whether they were open 
the full period of the tow, but only whether the proper bridles were 
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released, we must turn to the consistency of the results for evidence 
in this respect. It will be seen in Table I that we usually found more 
than one rich level in the upper part of the water column, followed by 
two or more poor catches in mid-depths, with two or three somewhat 
more productive hauls still deeper. It is very unlikely that nets would 
consistently fish well at the shoaler levels, fail at the mid-levels, but 
work well still deeper down. Nor is it conceivable that hauls from 
the same depths would fail every time at the same depths at different 
stations in different years. Stations 2216, 2260, and 2462 are particu- 
larly significant in this respect, for they show a marked similarity in 
vertical distribution (Table I). These similarities may be considered 


TABLE | * 


Catches in cubic centimeters, calculated per 2 hours towing with a 2-meter net 






































| | | | 
Sta....] 1735 1737 | 1730 2216 2260 2263 2462 2463 2475 | ay 
Date... .| 7/28/33 | 7/30/33 | 8/12/33 | 6/11/34 | 8/19/34 | 8/23/34 | 7/27/35 | 7/31/35 | 8/31/35 | “*¥~ 
Lat... .| 36°50’ N| 39°29’ N]} 39°42’ N| 38°26’ N} 39°12’N| 35°17’N]| 35°50’ N| 37°21’ N| 38°46’N| °F" 
Long.. .| 69°16’W| 70°14’W| 67°04’W| 69°05’W| 69°13’W]| 67°28’W] 68°39’W| 70°26’W| 71°38’W| #8 
200M.| 105 300 | 250 | 200 93 -. | a fae 521 | 221 
400. 50 280 | 255 oe) met & 33 200 122 | 105 
600. = | oe | oe | oe Ll eee Tl oe tlle 134 181 150 
800...; 50 | 225 | 270 | soo 510 | -~ et a 115 | 207 
1000. 33 | 125 | 150 45 10 75 42 | 54 148 77 
1200...) 16 20 | 23 20 - Ty a 18 51 140 41 
1400. . 37 57 27 55 |} 90 | 35 4 35 8 39 
1600. | 60 93 | 30 300 25 25 35 24 29 69 
1800... 80 125 | 45 70 «(| 3 x 10 9 Oo | 31 
2000...| 100 160 | 60 0 40 15 20 i1 0 45 
2200. : | 105 10 | 60 | 38 17 5 
2400... 151 12 | 32 «|| S62 4 
2600. . | | 185 4 | | “6 7 
2800. | 220 2 |} 4 4 
3000... | | 256 13 | oO 2 
3200. . . | 0 2 
* 


Positions and dates given are for the starting points of tows. 


strong evidence for the adequacy of our technique since the first two 
stations were made two months apart, and the third a year later, all 
in the same general water mass. 

Another proof of the accuracy of the method is found in the fact 
that in a great majority of the cases where hauls were repeated at the 
same level at the same station, the variation in the amount of material 
caught was less than 30 per cent and often less than 10 per cent. In 
short, it seems that the methods employed were sufficiently reliable to 
yield consistent results. 

The stated depths are as calculated from the length of wire out- 
board and its angle with no allowance for catenary. Failure to take 
account of the latter no doubt introduces an error, the magnitude of 


which is assumed to be not greater than + 100 meters. In any case, 
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it should be approximately the same for all hauls at a given level as 
care was taken to maintain a constant wire angle and control of the 
speed of the ship. The average speed of towing was close to two miles 
per hour in all cases. 

The problem at hand being the difference in the productivity of the 
different levels of the sea, a volumetric system of analysis seems as 
significant as any other yet devised. 


Fic. 2. Releasing device and messengers. 


The total volumes of all the catches were first measured by the 
displacement method (Leavitt, 1935, p. 120), the volumes of the fol- 
lowing groups then measured separately: fish, copepods, decapods, 
euphausiids, chztognaths, ccelenterates, salps, and “ residue.” 

Since the duration of the tows at different stations varied between 
one and two hours and since a few of the early tows were made with 
nets of different sizes, all volumes have been reduced to the common 
standard of two hours towing with a 2-meter net. 

In addition to the volumetric measurements, the euphausiids were 
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all identified and counted. In some cases, when great numbers were 
caught, it was necessary to use a sampling method for counting closely 
allied species (Leavitt, 1935, p. 125). Some other groups * which were 
of particular interest in certain of the hauls have also been identified 


Q 20 40 20 40 60 20 40 40 60 80% 
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Fic. 3. Percentages of catch, at different levels at Station 2216. A. Per- 
centage of total catch. B. Percentage of fish (@), copepods (A), and euphausiids 
(X). C. Percentage of decapods (@), chetognaths (A), and salps (xX). D. 
Percentage of ccelenterates (@), and “residue” (X). 


and counted, either in aliquot samples or in the entire catch, when the 
latter was small. 
RESULTS 


The most obvious feature of vertical distribution, illustrated by 
the foregoing tabulation, is that in spite of wide differences in detail 


3 Drs. M. Sears, H. B. Bigelow, and F. Chace have assisted with the identi- 
fication of copepods, ccelenterates, and decapods. 
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from station to station, all stations agree in showing a peak of abundance 
at some level shoaler than 1,000 meters. And the validity of this 
generalization is corroborated by the fact that, on the whole, the per- 
centual distribution of the catches of the different groups at a given 
station, parallels that for the total catch there, as illustrated by Fig. 3 
(derived from Table I). 

In some instances, it is true, the curves for single groups show 
seemingly large peaks at depths where none appear on the curves for 
the total volumes. This is accounted for by the fact that the percentage 
of a single group at one level may be great when the importance of 


TaBLe II 
Percentage taken 
above 700 meters Depth at deepest haul 
Station No. per cent meters 
GG i iaie tacelnndinde are eee 2,000 
PU bc vidio iach een eee 2,000 


Percentage taken 
above 800 meters 


per cent 
ig ee ase aie aceuias . 3,200 
exe cerettusws SE Bita.d saree a eaee 3,000 
ie hice annie eee 80.. 2,200 
| rer MGs te saceein isk eae wine 3,200 
ac sass a ota wena Bers a cht Actos 2,400 
iis cies tae dood Dd cind Sehwehad 3,000 
Bs Gn bi Wie deretand loti Bice oraiataincn 2,000 


* At Station 1739, the only station at which there were a great many salpz, over 
94 per cent of the plankton caught was taken between 800 meters and the surface. 
If we subtract the volume of salpe which constituted over 80 per cent of the total 
catch in four out of the thirteen hauls, approximately 74 per cent of the catch was 
taken between 800 meters and the surface, 26 per cent in depths greater than 800 
meters. 


that group in the total community is negligible. Such instances are, 
however, exceptional. 

The prevailing richness of the upper 800 meters, contrasted with 
the barrenness of the underlying stratum, is further emphasized by the 
following tabulation of the percentage of the total catch that was taken 
in the upper part of the water column (Table II). 

It seems sufficiently established from Table II that from 40 per 
cent to over 90 per cent of the animals (by volume) were living in 
depths less than 800 meters, which is not surprising in view of the 
works of many early investigators. Within this upper zone the curves 
for individual stations differ widely, one from another, in the presence 
or absence of pronounced peaks (of abundance), and in the depths at 
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which such peaks occur (Stations 2216, 2260, 2463, 2475, and to a 
lesser extent at 1739). Such peaks, in the upper levels, which include 
the photic zone, may reflect the recognized vertical migration of some 
surface animals, the gregarious habits of others, as well as the fact 
that the phytoplankton is confined to this layer, so that one would 
therefore expect a more erratic vertical distribution of the quantity of 
plankton there. 

Strongly contrasting with the abundant peopling above, is the fact 
that at every station, the water contained much smaller volumes of 
plankton either at 1,200 meters, at 1,400 meters, or at 1,800 meters, than 
at any shoaler level, appearing on the individual curves as distinct 
minima. However, the comparatively barren zone still contained a 
small amount of plankton, composed largely of dead and decomposing 
corpses in many instances, but in several cases (particularly Stations 
1735, 2216, 2260, and 2462), there were living copepods, chztognaths, 
decapods, and an occasional amphipod and ccelenterate present, though 
in very small numbers. 

Perhaps the most significant results of our exploration is that in 8 
out of 9 cases, at least one level still deeper down proved considerably 
richer again, in plankton, either as a distinct maximum (Station 2216), 
as two such maxima (Stations 2260, 2465), or as a progressive increase 
in abundance, extending downward through a stratum several hundred 
meters in thickness (Stations 1735, 1737, 1739). In the extreme case 
(Station 2462), the secondary maximum at 2,400 meters was in fact 
some sixteen times as rich as the overlying minumum; in another case 
(Station 2216), the tow was fifteen times as productive at 1,600 meters 
as at 1,200 meters. 

Corresponding to this, the average catch, for all stations combined, 
was about 1.5 to 1.8 times as large at 1,600 meters as at 1,200-1,400 
meters. And while averages for greater depths perhaps are not sig- 
nificant, because only four of the stations were worked deeper than 
2,400 meters, calculation of what percentage of the catch for the entire 
column was made at different depths shows a similar relationship 
(Fig. 4), followed by decrease from 1,600 meters to 2,000. Deeper 
than this, the average percentages were consistently insignificant down 
to the greatest depths fished, except at one station (1739) where the 
stratum between 2,400 and 3,000 meters rivalled the upper 800 meters 
in richness. Even in that case, however, the deepest haul (3,200 me- 
ters) yielded nothing at all, although the net appeared to have fished 
properly. At two other stations (2263, 2463), also depths greater 
than 2,400 meters were practically barren, and conditions at Station 
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2475 show that, on occasion, this may apply at as small a depth as 
1,800-2,000 meters (for details, see Table I, p. 378). 

It is also significant—as bearing on its origin—that in every case 
the existence of a comparatively rich stratum at great depths, reflects, 
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Fic. 4. Percentages of total catch to different levels based on data in Table 
I. @, percentage at nine stations to 2,000 meters. X, percentage at four stations 
to 2,000 meters. w, percentage at four stations to 2,800 meters. 


not only the relative volumetric abundance of the community as a whole, 
but also that of several individual groups of animals, as typified by 
the recorded volumes of fish, copepods, euphausiids, decapods, chztog- 
naths, ccelenterates, salps, and “ residue” at Station 2216 (Fig. 3). 
That these maxima represent widely diversified communities is further 
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proven by the large number of species of copepods and decapods repre- 
sented in hauls at the depths in question, at representative stations, as 
follows: 

Station 1735, 2,000 meters, copepods, immature Metridia sp., 75 
per cent of sample, also Metridia longa, Rhincalanus cornutus, Rhin- 
calanus nasutus, Paraeucheta norvegica, Paraeucheta barbata. 

Station 1737, 2,000 meters, immature Metridia sp., 24 per cent of 
sample, also the species listed above, and Lucicutia grandis, and decapods, 
Eucopia biunguiculata, Hymenodora sp. 

Station 1739, 2,800-3,000 meters, copepods, immature Metridia sp., 
37 per cent of sample, also Calanus sp., Candacia sp., Coryceus sp., 
Eucalanus sp., Eucheta sp., Euchirella sp., Getanus sp., Lucicutia sp., 
Oithona sp., Oncea sp., Phyllopus sp., Metridia lucens, Metridia prin- 
ceps, Pleuromamma abdominalis, Pleuromamma gracilis, Pleuromamma 
robusta, Pleuaromamma xiphias, Pseudochirella obtusa, Rhincalanus cor- 
nutus, Rhincalanus nasutus, Scaphocalanus sp., Scolecithrix dane, Scot- 
tocalanus securifrons, Temora stylifera, Valdiviella insignis. 

Station 2216, 1,600 meters, copepods, immature Paraeucheta sp., 
51 per cent of sample, also, Euchirella intermedia, Euchirella messinen- 
sis, Euchirella rostrata, Heterostylites longicornis, Metridia princeps, 
Paraeucheta barbata, Paraeucheta norvegica, Pleuromamma robusta, 
Pleuromamma xiphias, Pseudochirella notocantha, Rhincalanus cor- 
nutus, Rhincalanus nasutus; decapods, Acanthephyra purpurea, Ephy- 
rina benedictea, Eucopia sp., Gennadus sp., Hymenodora glacialis, Ser- 
gestes sp., and mysids. 

Station 2462, 2,400 meters, copepods, Eucheta sp., 20 per cent of 
sample, Lucicutia grandis, 11 per cent, Paraeucheta barbata, 14 per 
cent, Rhincalanus nasutus, 17 per cent, also, Eucheta marina, Gaidius 
sp., Megacalanus sp., Metridia princeps, Paraeucheta norvegica, Pseu- 
dochirella paliata, Pseudochirella pustilifera, Rhincalanus cornutus ; 
decapods, 1 Gnathophausia sp., 1 Parapasiphe sulcatifrons ; ccelenterates, 
1 Halicreas papillosum, 1 Homeonema sp., 6 Periphylla hyacinthina. 

Station 2475, 1,600 meters, copepods, Rhincalanus nasutus, 30 per 
cent of total copepods (310), Calanus sp. (immature), and Paraeucheta 
norvegica, together, 40 per cent; the remainder represented 15 other 
species, all of which have previously been found at similar depths. 

Other hauls at the levels of the secondary maxima (Station 2260, 
2,200 meters, Station 2263, 2,200 meters, Station 2462, 1,600 meters, 
Station 2463, 2,000 meters) similarly yielded from one to seven speci- 
mens each among the following ccelenterates and ctenophores, 4ginura 
grimaldii, Amphicaryon acaule, Atolla bairdu, Bere sp., Chuniphyes 
multidentata, Halicreas minimum, Hippopodius hippopus, Homeonema 
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sp., Pantachogon rubrum, Periphylla hyacinthina, and Rhopalonema 
funerarium. 


VERTICAL DIsTRIBUTION OF EUPHAUSIiDS 


The euphausiids have been chosen as a representative group of 
animals for numerical analysis for the reason that they are holoplank- 
tonic and are worldwide in their distribution as a group, that they 
extend their vertical distribution to all depths of the ocean, that the 
species are not so numerous but what one may readily become familiar 
with them, and that little is known of their quantitative vertical dis- 
tribution outside the continental shelves. 

Evidence that our hauls contained a representation of species suffi- 
ciently broad to be accepted as typical of mid-latitudes, on the high seas, 
is that they yielded all but one of the 27 species recorded by Tattersall 
(1926) from the collections made in 1914 by the U. S. C. G. Steamer 
“ Bache” in waters adjacent to and south of the positions where the 
present collections were made. And this one (Thysanoessa microph- 
thalma) appears to be confined to lower latitudes of the Atlantic and 
Pacific, north and south (Hansen, 1915). On the other hand, our col- 
lection contains eleven which the “Bache” failed to find, namely, 
Thysanopoda orientalis, T. obtusifrons, T. acutifrons, Euphausia pseu- 
dogibba, Thysanoessa parva, T. inermis, T. longicaudata, Nematoscelis 
atlantica, Stylocheiron affine, S. insulare.* 

Similarly, the present collections contain all the species reported by 
Hansen (1912) from the same general region, besides twelve others 
which he ‘does not record there, although several of these are known 
to be widely distributed in the western Atlantic, and have been taken 
not far away; namely, Thysanopoda tricuspidata, T. pectinata, T. ob- 
tusifrons, Euphausia pseudogibba, Nematobrachion flexipes, N. bodpis, 
Stylocheiron longicorne, S. abbreviatum, S. affine, S. maximum, S. 
suhmu, and S. insulare. Seven of these are recorded from farther 
south by Tattersall (1926). Again, we find, in the “ Atlantis” col- 
lection, all but two of the species reported by Ruud (1936) from south- 
west of Ireland, from Cadiz Bay, and from the Mediterranean. And 
one of these (T. microphthalma) had already been reported from the 
western North Atlantic by Tattersall (1926), while the other (Nycti- 
phanes couchii) is a coastal species, so far known only in the Mediter- 
ranean and the eastern Atlantic. 

We may conclude from the foregoing comparisons that we are 
dealing with a good representation of the total euphausiid fauna of the 


4 Meganyctiphanes norvegica was also taken in several tows at stations 1739 
from unkown depths. 
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western Atlantic basin, especially in the fact that the list of species is 
a combination of northern with southern forms, to be explained by the 
latitudes at which the collections were made. 

Earlier data (Leavitt, 1935, Tables II-V), and Table III of this 
paper show that the numbers of euphausiids taken was much smaller 
at great depths than at the shallower levels, for 86 per cent of the 
76,790 specimens identified and counted were from tows between 800 
meters and the surface, whereas only 14 per cent were from depths 
greater than 800 meters. These percentages are similar to those of 
the total volumes (p. 381). 

Many of the euphausiids are notably gregarious animals and this 
fact coupled with vertical diurnal migrations may account for the 
unevenness of their occurrence in the upper layers. 

In order to determine the relative importance of euphausiids as a 
whole in the community, the numbers of euphausiids per 50 cc. of 
plankton caught at each depth was estimated at four stations (Leavitt, 
1935). While the numbers of euphausiids, like the quantities of plank- 
ton, increased on the average below 1,200 meters, the importance of 
this group in the total animal community decreased down to the deepest 
layer sampled, the number of euphausiids per 50 cc. of plankton being 
only about one-fourth as great at depths greater than 800 meters than 
in the upper layers. 

There are few reliable data on the depth at which different species 
of euphausiids are to be found and Ruud (1936) regards temperature 
as one of the most important limiting factors of the distribution of 
the different species of this group. Since all but nine of the species 
recorded by him belong to groups most abundant between 200 meters 
and the surface, and since our shallowest hauls were at 200 meters, 
the data can hardly be compared with his. But among the nine species 
that he regarded as deep-sea forms, it is interesting to note that T. 
gregaria (regarded by Zimmer (1914) as bipolar) occurred abundantly 
at a depth of 2,000 meters at Station 1735, and T. parva, which did not 
occur in Ruud’s material, may be regarded as even more persistently 
bathypelagic, on the basis of the present catches. 

The decrease in numbers of euphausiids with increasing depth is 
accompanied by a corresponding decrease in the specific diversity of 
the group, for Table III shows only 18 species out of the total of 37, 
as occurring at all, below 800 meters and most of them in such small 
numbers (sometimes a single specimen) that only Bentheuphausia am- 
blyops and Thysanoessa parva can be regarded as truly bathypelagic 
in these waters. 
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Thus, it seems sufficiently established, at least for this part of the 
ocean, and time of year, that euphausiids as a group reach their highest 
development in the upper 800 meters. 

In the main, however, it is obvious, in common with Tattersall’s 
(1926) experience, that the species in question show a deeper vertical 
range in the area investigated than in the eastern Atlantic and Medi- 
terranean areas surveyed by the “ Thor” (Ruud, 1936). 


DiIscussION 
Vertical Distribution 

The precipitous variation in the abundance of a species in a given 
area has often been remarked. Michael’s (1911, 1913) and Hardy’s 
(1936) statistics as to the variation in numbers of chetognaths and other 
animals caught in a single place with successive hauls, and in closely 
proximate places, emphasize the fact that generalizations concerning 
distribution are extremely hazardous. Hence, we must realize the 
dynamic character of the plankton, and that attempts at a hard and 
fast terminology of the regions of vertical distribution are futile. It 
is only by continued observations over a period of time with a great 
many hauls that general ideas of distribution can be arrived at. Single 
hauls at separate localities can only be regarded as proof that what was 
caught was present at that particular time and place where the tow 
was made. 

Nevertheless, it seems established by our investigations that in the 
region examined the abundant surface fauna decreases in quantity to 
a comparatively barren zone at a depth somewhere between 1,200 and 
1,800 meters and that—in this particular region, at least—this minimum 
is followed by a subsequent increase in volume, at some greater depth. 

Broadly considered, this is in line with previous knowledge, based 
largely on the work of Chun (1888, 1895), Alexander Agassiz (1888, 
1892, 1902), Haeckel (1890), and Fowler (1898, 1904) that while 
pelagic animals live at all depths in the sea, with wide variety of species 
even at great depths, a much larger quantity occurs in the upper 800 
meters or so than in deeper water. 

Fowler’s (1904) data on plankton from the Bay of Biscay is of 
particular interest in the present connection as the first detailed study 
of vertical distribution down to great depths in a restricted area, based 
on closing net hauls. 

Subsequent investigators, including Esterly (1912), Murray and 
Hjort (1912), Michael (1913), Jespersen (1915, 1923, 1935), Hardy 
and Gunther (1936), Leloup and Hentschel (1935), Thiel (1935), 
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Ramner (1935), and Bigelow and Sears (1937), have also recorded 
vertical variations in quantity for siphonophores, meduse, copepods, 
fish, chetognaths, coryceens, and plankton as a whole. In none of 
these cases are the data of a sort to show whether or not there was any 
consistent increase in the volumes of plankton with increasing depth 
below the 1,200—1,800-meter level. 

The plankton-poor layer encountered by “ Atlantis” somewhere 
between 1,200 and 1,800 meters is presaged by A. Agassiz (1888) and 
others. The rich streak at greater depths, however, was unexpected, 
and the animals found at these greater depths are holoplanktonic, not 
benthonic, as illustrated by the assemblage collected at Station 1739 
from a depth of 3,200 meters, where the total depth was 3,674 meters. 
In fact, there was no indication of the presence of benthonic animals, in 
any of our hauls, nor, in fact, would such have been expected for even 
the deepest tows were still far above the bottom. 

In view of the changes in the physical and chemical characteristics 
of water with increasing depths, it is interesting, in the first instance, 
to correlate the volumetric distribution, vertically, of the plankton of 
the open sea with the density, salinity, and temperature at different 
levels in the slope water and in the Gulf Stream beyond. 

Typical graphs (Fig. 5) for temperature, salinity, and density for 
the waters in which these investigations were carried on show no correla- 
tion between any of these environmental factors, and the depth distribu- 
tion of the animals. Thus, the temperatures at all depths are well 
within the range in which we find plankton thriving at other times and 
places. The salinity variations are too minute for us to suppose that 
they have any appreciable effect on the plankton in these waters. Again, 
we find the same animals living throughout wider ranges of salinity than 
are presented here. The density does not show any indication of layer- 
ing such as might account for an accumulation of material at any par- 
ticular level between the surface and the bottom. In the present case, 
there is no apparent correlation between quantities of plankton, and 
either oxygen or light. Neither do any of these characters of the water 
show fluctuations below a depth of 800 meters corresponding to the 
existence of the plankton minimum at 1,200-1,800 meters, or to the 
subsequent increases in the volume of plankton at some greater depth. 

The minimum oxygen in cubic centimeters per liter does not fall 
below 60 per cent saturation or about 3.5 cc. per liter in any of the 
water which was fished (Seiwell, 1934). And comparison between 
data for oxygen and numbers of animals caught at many of the “ Me- 
teor”” stations as reported by Wattenberg (1935), Spiess (1932), and 
Hentschel (1932) shows that an abundance was caught in water where 
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the oxygen content was much lower than at any level in the waters 
with which the present investigations are concerned. We must, there- 
fore, conclude that there is ample oxygen to support planktonic commu- 
nities at all depths there. 
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Fic. 5. Temperature, salinity, and density at “ Atlantis ” Station 1729, typical 
of slope water between the Continental Shelf and Gulf Stream and at Station 1734, 
typical of Sargasso Sea water east of the Gulf Stream, in the area of these in- 
vestigations. J, temperature in °C. S, salinity in parts per mille. D, density 
(specific gravity minus one, times one thousand). 


Among other possible causes for such vertical variations in abun- 
dance of plankton as do occur in deep water, the following possibilities 
come to mind: 
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(a) Dead and decomposing animals sifting down from the surface 
are sometimes caught in deep hauls. This happens oftenest with Jasis 
zonaria, the firmest bodied salp, pieces of which are found among the , 
other dead and decomposing animal matter in deep hauls. Other sal- 
pide, also, contain cellulose which might be expected to disintegrate 
slowly. 

(6) An occasional large medusa, Periphylla hyacinthina or Atolla 
bairdii, or some large deep-sea decapod, may rarely be responsible for 
a relatively voluminous catch at a great depth. 

(c) A well developed bathypelagic fauna may—for some undeter- 
mined reason—find some particular deep levels more suitable as an abode 
than the levels above or below. The general identity of the animals 
taken in our tows shows this not to be the case. 

(d) Sinking water masses from more moderate depths, in somewhat 
higher latitudes may bring their planktonic communities with them and 
so be responsible for richer strata below poorer, farther south. This 
last seems the most probable explanation for such a distribution in the 
present case, because species of decapods, copepods, ccelenterates, and 
euphausiids occurring at moderate depths somewhat farther north have 
been prominent in the catches where total volumes have revealed the 
existence of secondary maxima, deep down. This, for example, ap- 
plies to Calanus finmarchicus, Metridia longa, Paraeucheta norvegica, 
Rhincalanus nasutus, Rhincalanus cornutus, Pleuaromamma abdominalis, 
Pleuromamma gracilis, Pleuromamma robusta, Pleuromamma -xiphias, 
among the copepods, several species of Gennadus, among the decapods, 
and Thysanoessa gregaria, among the euphausiids. 

It is likely that the animals belonging in this category are able to 
maintain themselves even in the deepest water layers for a considerable 
length of time, and that great depths may constitute the outskirts of 
the areas which they regularly populate. Lack of light may not harm 
them. Dr. C. B. Wilson has informed me that his examination of 
copepod material brought back from the Byrd Antarctic Expedition 
showed that many (including larval forms) were taken from under the 
ice, where it was totally dark, and far from open water. The “ Terra 
Nova” Expedition also obtained many thousands of specimens under 
the ice (Farran, 1929). In short, communities may maintain themselves 
for a long time after sinking. We may have a biological loss, akin to 
that of the animals and plants that drift north and to their deaths in the 
surface waters of the Gulf Stream every summer. 

While examination of vertical distribution was our primary objective, 
one phase of the horizontal picture deserves at least passing mention, 
namely the poverty of the catches in the Sargasso Sea water and in the 
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Gulf Stream, as defined on p. 376, contrasted with the slope water, the 
average catch (to 2,000 meters) being only 415 cc. in the first of these 
regions, 586 cc. in the second, contrasted with 1,283 cc. in the third. 
This regional gradient is of the same order as reported by Jespersen 
(1923, p. 8, Fig. 23) for average volumes for the upper 600 meters 
farther to the south, and is also in line with the prevailing poverty of the 
Sargasso Sea region, subsequently demonstrated by him (Jespersen, 
1935, Figs. 27, 28). 
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A RECONSIDERATION OF THE EVIDENCE CONCERNING 
A DORSO-VENTRAL PRE-ORGANIZATION OF 
THE EGG OF CHAETOPTERUS 


T. H. MORGAN 


(From the Marine Biological Laboratory, Woods Hole, Mass. and the William 
G. Kerckhoff Laboratories of the Biological Sciences, California Institute 
of Technology, Pasadena, California) 


In a former paper (1937) the question of the presence of a dorso- 
ventral axis in the unfertilized egg of Chetopterus was discussed. The 
argument rested in part on the assumption that the large germinal 
vesicle is excentric as in many other eggs, but here both laterally as well 
as axially excentric. Since, in eggs that have come to rest in a single 
layer on the bottom of a dish of sea water, the pole lies, as a rule, not 
at the top of the egg but more or less at the side, and since the germinal 
vesicle appeared, then, to lie symmetrically with respect to the circum- 
ference of the egg as seen from above (as in Fig. A), and since the first 
cleavage passes through the pole and in most cases through the upper- 
most side of the egg, it seemed to follow that there is a dorso-ventral 
predetermined orientation in the unfertilized egg. 

Later, when I came to examine sections of the egg, it could not be 
visibly demonstrated that the germinal vesicle lies nearer the pole, i.e., 
in an excentric position with respect to the polar axis. It became evi- 
dent then that the problem of the location of the dorso-ventral axis called 
for a closer examination. This examination I have made during last 
summer. The new evidence shows that the former argument is insuf- 
ficient to establish the conclusions there presented. 

If, then, the germinal vesicle does not lie excentric in the polar axis 
or excentric to that axis (as in Fig. A), it remains to consider other 
possible relations. 

If, for example, the nucleus lies in the center of the egg (as in Fig. 
B) then when the pole lies above (or below) the equator of the egg the 
nucleus will again appear as seen from above to be in the center of the 
egg, and it is not possible to distinguish on this evidence alone, between 
A and B. There is a third possibility, viz., that the germinal vesicle lies 
excentrically in the polar axis (Fig. C) but not excentric to that axis. 
If this were true, then the egg, seen from above, would, when it lies 
with its polar axis oblique to the vertical, show the germinal vesicle 
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slightly excentric to the circumference of the egg, but this does not fit 
in with the new or the old observations. 

Should the pole of the egg come to lie near the uppermost part of 
the egg, as the egg settles down on the bottom of the dish, as indicated 
by any one of the ring of dots in Fig. D, then, the first cleavage plane, 
that always passes through the pole and the center of the egg, will be an 
approximately vertical plane. If the pole lies somewhere between the 


Pole Pole Pole 
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Fic. 1. A, diagram of egg showing nucleus excentric on primary axis and 
excentric to that axis. The arrow indicates the expected view as seen from above. 
B, diagram of egg with nucleus in center. C, diagram of egg with nucleus ex- 
centric on primary axis, but not excentric to it. D, egg with pole uppermost, as 
indicated by one circle of dots. EH, same with pole sideways between top of egg 
and horizon. /, same with pole at or near horizon. 


top of the egg and the equator, as in Fig. EZ, the first cleavage plane 
may be more or less oblique to the vertical, but will appear to cut through 
the upper surface of the egg in the great majority of cases. But if the 
pole of the egg lies at or near the equator, i.e., if the polar axis lies nearly 
in the horizontal plane, as in Fig. F, then the first cleavage plane should 
appear horizontally as well as vertically and also in all intermediate 
positions. On the basis of chance alone there should be as many vertical 
as horizontal first cleavages when the polar axis lies horizontally. Such 
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eggs should furnish critical evidence concerning the point at issue, viz., 
whether, as I assumed, the eggs come to rest with the dorso-ventral axis 
vertical. 

As stated above, sections of eggs, killed at once after removal to 
sea water, showed a nucleus irregular in outline lying at or near the 
center of the egg. If it is excentric, the excentricity is so slight as to 
be negligible, and certainly would not be observable in the living egg. 
Since these eggs had been taken out in sea water and killed “ at once,” 
it was possible that the irregular outline of the nucleus was due to 
the action of the sea water which might make its excentricity difficult 
to detect. In fact the nucleus breaks down to form the polar spindle 
very soon after removal of the egg to sea water. 

A new set of eggs was then preserved in the summer of 1937, without 
coming in contact with sea water, in four different killing fluids (Flem- 
ming, Bouin, picro sulphuric, boiling water) and sectioned and stained. 
In some cases the eggs became free in the preservative; in other cases 
they remained in the tied-off parapodium. The preparations showed 
that the parapodial eggs lie several layers deep on the string or band 
from which they arise, and, owing to crowding, have many different 
shapes ; but even those in the outermost layers are very seldom perfectly 
spherical. In none of them is the nucleus obviously excentric. The 
nuclear wall conforms in shape somewhat to the shape of the egg, and 
is not often perfectly spherical. After different preserving fluids (and 
subsequent reagents prior to imbedding), the shape of the nucleus is to 
some extent affected, but is seldom perfectly spherical. It follows then 
that when removed to sea water the irregular outline of the nucleus 
is not due to the absorption of water by the egg (as the egg assumes 
a spherical shape), but traces back to the parapodial eggs. 

An examination of the living eggs as seen from the side was also 
made. The eggs were placed in a drop of sea water on a slide (ringed 
with vaseline) across which a thread had been stretched. The prepara- 
tion was held in a vertical position and examined under the microscope. 
If the nucleus lies in an excentric position on the polar axis this should 
become visible in some, at least, of the eggs, but no excentricity was 
observed. It is true that the outline of the nucleus of the living egg 
is not sharply defined, but nevertheless were the nucleus excentric this 
should be apparent, which is not the case. Of course, in a confined 
space (but not compressed) the eggs might not have time to orient as 
they fall onto the thread. Nevertheless, some of the eggs should show 
the excentricity of the nucleus if it were present. 

A more critical examination of the position of the first cleavage was 
then made. It was found, as expected, that in most of the eggs the 
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first cleavage was approximately vertical. These eggs had settled to 
the bottom of the dish containing sea water and were not covered. In 
an unexpected number of eggs the lobe appeared later on the upper 
surface, proving that in some eggs the polar hemisphere was down. 
Special attention was paid to those eggs in which the clear area (con- 
taining the pole) lay near the horizon, so that more eggs of this kind 
were selected. Since the polar area is difficult to see if it lies exactly 
above or below but easily seen if it lies nearer the equator, a larger 
number of eggs with an oblique polar axis (nearly horizontal) would 
be those selected for examination. In a total of 111 eggs recorded 
there were 58 in which the first cleavage was vertical, i.e., through the 
top of the egg; there were 13 in which it was oblique; and 40 in which 
it was horizontal or approximately so. In about half of the latter the 
smaller blastomere was above (24 cases), and in half the larger one was 
above. Adding together the oblique (13) and the horizontal cleavages 
(40) gives a total of 53 eggs. In other words, in this selected group of 
eggs about half of the cleavage planes were not vertical but oblique or 
near the horizontal plane. 

For comparison with these figures another count of unselected eggs 
in the first cleavage stage was made, recording those in which the first 
cleavage was vertical and those in which it was horizontal. In 120 
eggs all but six showed the plane vertical or nearly so; three of the six 
had the large cell on top and three the smaller cell. 

Since, as explained above, vertical cleavages should predominate 
on chance alone, as they do, and since, as anticipated, some of the eggs 
in which the pole lies at the side should show oblique or horizontal cleav- 
age, it follows that the original assumption that a definite side of the 
egg lies above is not established, but is the expected outcome of the 
relation of the cleavage plane to the pole. 

A check on the number of eggs in which the pole lies below the 
horizon is obtainable in two ways in addition to observation of the 
polar bodies, which is often difficult. After the second cleavage the 
configuration of the four blastomeres is such, owing to the broad cross- 
furrow at the antipolar hemisphere, that the two poles can be distin- 
guished from each other. The other method of locating the pole and 
the antipole is from the position of the yolk lobe at the time of the 
first cleavage, when it is either up or down. When it lies under the 
egg it is not often seen. In the records there are cases where the lobe 
was above, hence the pole was down, showing that it may sometimes 
lie below the horizon, i.e., such eggs have not oriented to gravity, but 
the observations were not systematically carried out, hence the ratios 
of cases where the vole is up or down cannot be definitely stated. 
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The evidence discussed above does not, of course, disprove the view 


that before fertilization there is a dorso-ventral organization of the 
egg. Whether there is such an arrangement still remains an open 
question to be examined by other methods, one of which should be a 
study of the relation of the first cleavage plane to the point of entrance 
of the spermatozoon. In addition to an earlier examination of this 
relation by Morgan and Tyler (1930) fifty-three new cases have been 
studied and will be described in another paper. 

It remains to be discussed whether the polar hemisphere is lighter 
than the antipolar, which seemed to be demonstrated by the centrifuging 
experiments described in my former paper. The argument for this 
assumption was based both on the position of the pole when the eggs 
are centrifuged before the polar bodies are formed, and also on the 
orientation of the egg in the machine after the first or second polar body 
had been extruded. The evidence showed that while most eggs orient 
with the polar region toward the center of rotation, the orientation is 
by no means exact. The higher degree of orientation on the centrifuge 
than of orientation to gravity in a dish of shallow water is not sur- 
prising since the former force is greater than the latter, and also since 
the eggs, falling through a longer space, have more time to orient 
before reaching the bottom of the centrifuge tube than have the eggs in 
a dish of water. However, unless the eggs are centrifuged over a 
gum-solution on which they lie in a single layer, this inference does 
not hold entirely, since if many eggs are centrifuged in sea water, and 
come to be packed at the bottom of the tube, a considerable amount of 
shifting of the eggs may take place as they become crowded together. 

If, then, it be admitted that the majority of eggs turn on the cen- 
trifuge with the polar (or animal) hemisphere toward the center of 
rotation, still this will not explain why the pole of the egg is as a rule 
excentric to the stratification. One possible explanation suggests itself, 
namely, that there is a ring of material around the pole that is lighter 
than the pole itself. This may seem improbable and is not demonstrated 
by the evidence at hand. The following hypothesis may seem more 
plausible. When centrifuging begins, the eggs lie at random with 
respect to the axis of rotation. Some of them will have their polar 
hemisphere more or less in this axis, others will have it at the side, and 
others will have the polar hemisphere away from the center of rotation. 
Under the influence of the centrifugal force all of the eggs will begin 
to turn with the polar hemisphere toward the axis of rotation. Now 
if the redistribution of the lighter and heavier material within the egg 
begins while the egg as a whole is rotating, its rotation will cease as 
soon as the redistribution of the materials brings a region lighter than 
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the pole toward the center of rotation. Hence many of the eggs may 
have the oil cap to one side of the true pole, viz., those that were not 
centered when the movement of the material within the eggs began to 
take place. This suggestion could possibly be tested by allowing the 
eggs to orient to gravity before centrifuging. More of them would 
then be expected to show the pole in the center of the oil field. 

In connection with the problems discussed above the question re- 
mains as to whether or not the egg shifts its position after settling on 
the bottom of the dish. The fact that the egg undergoes a definite 
series of changes in shape might seem to make it possible that a partial 
rotation might take place. For example, when the first polar body is 
extruded the polar cap flattens and the egg becomes broader, 1.e., biscuit- 
shaped. It then rounds up and remains spherical until about five min- 
utes before the cleavage is due, when it becomes pear-shaped with the 
small end of the pear at the pole. Again it becomes spherical and 
flattens over the polar area as indications of the cleavage begin to 
appear. At this time it elongates laterally, i.e., it becomes biscuit-shaped 
as the lobe appears exactly opposite the polar bodies. At first it can 
not be foretold which side will become the smaller blastomere and which 
the larger, but very soon the difference becomes apparent in side view 
and this continues until a large and a small cell are formed. The egg 
is much extended laterally at this time. The two blastomeres next come 
together, but the egg does not become quite spherical. During the 
first of these changes in form the eggs do not turn over as shown by 
the constant position of the polar bodies, but as the two blastomeres 
come together, the first cleavage plane may appear to be more nearly 
vertical than during the division. Evidently the jelly around the egg 
adheres sufficiently to the dish to keep the egg in place. Moreover, the 
egg cannot rotate within the surrounding membrane. In fact, the latter 
adheres so closely to the egg that it indents with the cleavage furrow. 
It consists of a transparent inner layer—which may be a gelatinous 
layer between the egg and the outer jelly. When the polar bodies are 
extruded they push the inner membrane before them. Before and dur- 
ing this time the membrane is thrown into a series of corrugations over 
the polar region. Similar corrugations appear later over the region 
where the lobe is about to appear. The meaning of this folding of the 
membrane is not apparent, since it might have rather been supposed 
that the membrane would be stretching over these regions. Possibly 
surface movements of the protoplasm toward the region of activity 
may cause the wrinkling of the membrane. 
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THE RELATION BETWEEN ENTRANCE POINT OF THE 
SPERMATOZOON AND BILATERALITY OF THE 
EGG OF CHASTOPTERUS 


T. H. MORGAN AND ALBERT TYLER 


(From the Marine Biological Laboratory, Woods Hole and the William G. 
Kerckhoff Laboratories of the Biological Sciences, California Institute 
of Technology, Pasadena, California) 


In a preceding paper (Cytologia, 1937) we examined the relation 
of the entrance point of the spermatozodn to the cleavage planes of 
Chetopterus, Cumingia, and Nereis. In Chetopterus there was a co- 
incidence of 41 per cent between the entrance point and the first plane 
of cleavage. In Cumingia the coincidence was 79 per cent. In Nereis 
it was 51 per cent. The failure to obtain 100 per cent coincidence may 
be due to errors of observation or to other factors being involved in 
determining the first cleavage plane. 

We have made some additional observations during the past summer 
on Chetopterus since its eggs gave the lowest percentage of coinci- 
dence, and since a larger number of observations seemed desirable. 
Out of 53 new observations there were 24 cases of fairly close agree- 
ment; in 7 cases the divergence was less than 45 degrees, and in 22 
cases it was more than 45 degrees. Approximate concidence was 45 
per cent, as compared with 41 per cent of the old data. This absence 
of exact agreement led to an examination of other possible relations. 
When the entrance point is plotted on the egg in the two-cell stage it 
is found in the great majority of cases that it lies on the side of the 
egg where the smaller blastomere (AB) is found. In the new data 
there were 29 cases on the AB side, and only 9 cases on the CD side. 
In the older data there were 47 cases on the AB side, and 21 on the 
CD. But since the CD side has twice the surface area of the AB side 
the difference is more significant. 

In these data cases of exact coincidence between the entrance point 
and the first cleavage plane are, of course, omitted. When the entrance 
point is plotted on the four-cell stage of these same eggs it is found 
that, in the majority of cases, it lies on the B cell, namely in 20 cases 
on the B; in 3 cases on the A; in 3 on the C; and in two on the D cell. 
In the new data it lies on the B cell in 15 cases, in 9 cases on the A, in 
7 cases on the C, and 2 on the D cell. Cases of coincidence with the 
first cleavage plane give 11 with D opposite the sperm and 2 adjacent. 
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Taking these results as a whole, it is evident that the entrance point 
is on the AB side in by far the great majority of cases, and tends to 
be opposite the D cell. This may mean either that there is a preferred 
side for sperm entrance, or that the point of entrance determines as a 
rule the AB side. 

In the previous paper referred to a similar result was observed in 
the eggs of Cumingia. The D cell consistently lies opposite the side 
on which the sperm enters. This occurs where the first cleavage plane 
coincides with the entrance point, and it follows from the relation 
between the type of second cleavage and the position of the AB blasto- 
mere with respect to the entrance point at the 2-cell stage. In Nereis 
the same result was obtained when the cases of coincidence of the first 
cleavage and the entrance point are considered. In 28 cases the D 
formed on the side opposite the entrance point and in five on the same 
side. 

The method followed in these as well as in the former experiments 
is not well suited to determine whether or not there is in reality a pre- 
ferred side of the egg at which a spermatozoon is more likely to enter. 
The eggs, to which a dilute sperm suspension is added, lie between the 
cover slip and the glass slide (without compression), and the sperma- 
tozoa, that come into contact with the egg almost immediately, are 
watched. It is by no means the case that the first spermatozoon, that 
makes contact with the egg, is the one that enters, but whether this is 
because the spermatozoon fails to make the proper head-on contact, or 
whether it has made contact with a side of the egg that is less easily 
entered cannot be stated. It is true that, with some experience, one 
can generally tell at once whether a given sperm is likely to enter or 
not. If it is about to enter its tail ceases to vibrate and stands out 
stiffly at right angles to the surface, but if it fails its tail continues to 
vibrate for some time. Only those spermatozoa that lie at the edge 
of the egg can be clearly observed. Those that enter above or below 
the rim of the egg cannot be seen. Hence, there is necessarily a certain 
amount of selection, but this in itself does not seriously affect the situa- 
tion since the selection of the eggs observed is a random one. It might 
be possible, by pushing each egg halfway into a small glass tube closed 
at one end, that has the same diameter as the egg, to determine whether 
the spermatozo6n enters only some of the eggs, namely, those with the 
preferred side exposed, or whether if they do enter all the eggs the 
entrance is delayed in approximately half of the cases. In this way 
it might be possible to find out if there is a preferred side, in other 
words, whether there is a predetermined dorso-ventral axis. 
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SOME EXPERIMENTS UPON TEMPERATURE ACCLIMA- 
TIZATION AND RESPIRATORY METABO- 
LISM IN FISHES? 


F. B. SUMNER AND P. DOUDOROFF 
(From the Scripps Institution of Oceanography, La Jolla, California) 


Introductory, Procedure, etc. 


In a preliminary communication from this laboratory (Sumner and 
Wells, 1935), experiments were described in which fishes of varying 
temperature history were subjected to a number of lethal agents and 
anesthetics. The most important conclusions drawn from these ex- 
periments were stated as follows: 

“Fishes which had been kept at widely different temperatures, when 
tested at these temperatures, were found to differ markedly in the rate 
of their visible respiratory movements. . . . Other things equal, these 
are higher at higher temperatures than at lower ones.®? . . . When fishes 
which had become acclimatized to high and low temperatures, respec- 
tively, were transferred to a common temperature (usually an inter- 
mediate one), those from the warmer water displayed a lower respira- 
tory rate and a lower susceptibility to the anesthetics and lethal agents 
than those from the colder water. Thus the differences in physio- 
logical activity which had been originally induced by acclimatization 
to these differing temperatures were completely reversed when the 
fishes were brought to a common temperature. After this transfer, it 


“sé 


was the former “ warm” fishes which had the lower respiratory rate 


“cold” fishes which had the higher. Fishes kept 


‘ 


etc. and the former 
at intermediate temperatures remained intermediate. 

“ Acclimatization to a high temperature appears to consist, in part 
at least, of a change whereby an initial great increase in metabolic rate 
is followed by a regulative process, with continued sojourn in warm 
water, and, conversely, acclimatization to a low temperature involves 
a similar process working in the opposite direction.” 

Somewhat earlier N. A. Wells (1935a), from actual determinations 
of oxygen consumption in Fundulus parvipinnis, had concluded that 
“ ee from the Scripps Institution of Oceanography, New Series, 
NO, Y. 


2 The further statement in the original text relative to higher susceptibility to 
urethane at higher temperatures has not been substantiated by our later work. 
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“the rate of metabolism of fishes at any given temperature is dependent 
upon the temperature of the water to which they have been [previ- 
ously] acclimatized.” 

That the resistance of a living organism to cyanides and some other 
poisons varies inversely with the temperature was established by Child 
for planarians and other invertebrates (Child, 1913). Geppert (1889) 
is said to have proposed the view, now generally accepted, that the 
cyanides act by preventing the tissues from utilizing oxygen. 

The occurrence of a certain amount of physiological adaptation in 
the effects of temperature upon metabolic rate was pointed out by Miss 
Behre (1918), working upon Planaria dorotocephala. In a discussion 
of experiments in which the periods of acclimatization ranged from 
three days to three months, she states: “ Worms tested immediately 
after they have been put into a higher temperature than that at which 
they have been living for a shorter or longer time show greater suscepti- 
bility to cyanide than those which have been living indefinitely at a 
higher temperature ; those tested immediately after they have been put 
into a lower temperature than that at which they have been living for 
a shorter or longer time show a lower susceptibility to cyanide than 
those which have been living indefinitely at the lower temperature.” 

Our discussion has thus far related to the effect of temperature upon 
metabolic rate, and the only result of acclimatization thus far considered 
has consisted in a fall in this rate, following an initial rise, or a rise 
following an initial fall. These changes in metabolic rate have been 
detected by observing the relative susceptibility to KCN or certain other 
poisons. Another type of acclimatization has to do with the effects of 
subjection to moderately high or low temperatures upon subsequent 
resistance to heat and cold, when these are used as lethal agents. That 
this latter class of effects is quite distinct from the former one will 
appear probable from facts to be reported below. 

Among the earlier experiments in acclimatizing vertebrate animals 
to relatively high temperatures, those of Davenport and Castle (1895) 
are so familiar that a brief reference to them is sufficient. By sub- 
jecting toad tadpoles for four weeks to 24°-25°, instead of 15°, at 
which the controls were living, the temperature necessary to produce 
heat-rigor was raised by 3.2° C. 

Loeb and Wasteneys (1912) conducted some highly interesting ex- 
periments upon Fundulus (presumably F. heteroclitus). These experi- 
ments were largely concerned with the effects of various salts upon 
heat resistance. But the authors also sought to determine the maximum 
temperature which the fishes could tolerate, if transferred suddenly 
from their natural medium (10° to 14° at the time); “ how long it 
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takes to immunize the fish against the harmful effects of a sudden trans- 
fer to a temperature of 35° C”; how long this immunity would last 
after return to cooler water, and some other matters. Certain of the 
results of Loeb and Wasteneys will be referred to later. For the most 
part, their paper does not report the numbers of fishes employed (where 
stated, they are very small), nor the variability of the individual records, 
so that the reader is left in doubt as to the statistical certainty of some 
of the results. 

A rather extensive series of experiments on temperature acclima- 
tization was conducted by Hathaway (1928) upon several species of 
fresh-water fishes as well as upon toad tadpoles. Hathaway’s proce- 
dure consisted chiefly in keeping the animals for various periods at 10° 
and 30°, and then determining their mortality rate throughout various 
periods (1 minute to 24 hours) at temperatures ranging from 30° to 
40°. “Continued exposure to high or low temperatures progressively 
raised or lowered the limit of tolerance of each species,” a statement 
which is abundantly supported by his tables and histograms: No at- 
tempt was made, however, to relate the period of acclimatization in any 
quantitative way to the resulting degree of resistance. 

The results herein reported are the outcome of experiments con- 
ducted by the authors throughout about a year past, in the course of 
which nearly three thousand fishes were employed. Except in one 
minor experiment, these fishes were gobies of the species Gillichthys 
mirabilis Cooper. 

Our experimental material was kept in tanks of running sea-water 
at constant temperatures.*° Tanks were maintained throughout at 10°, 
20°, and 30° C., and for part of the time others were maintained at 
15° and 25°. Prior to experimental treatment at high or low tempera- 
tures, all fishes were kept for some weeks or months at the intermediate 
temperature (20°). In some of our tables and charts, fishes from 
the 10°, 20°, and 30° tanks are designated as “C,” “I,” and “ W,” 
respectively. 

The problems which have concerned us fall into two main groups 
as indicated in the preliminary discussion: (1) the effects of the sub- 
jection of fishes to higher or lower temperatures upon their respiratory 
metabolism ; and (2) the effects of this sort of conditioning upon their 

’ Except on infrequent occasions, the temperatures were held to within 0.5° of 
the figures stated, by thermostatic control or otherwise. Owing to failure in the 
control mechanisms, water in the 10° tank occasionally exceeded or fell below this 
figure by several degrees. The temperature of the 30° tank was less subject to 
such perturbations, though it fell some degrees below the required temperature 
on several occasions. It never rose above this, however, except very early in the 
course of these experiments. 
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subsequent resistance to heat or cold, when these were employed as lethal 
agents. 

(1) Some of the relations between this sort of temperature condi- 
tioning and respiratory metabolism were investigated by N. A. Wells 
(1935a, 19356, 1935c) in this laboratory some years ago, through the 
direct measurement of oxygen consumption in Fundulus parvipinnis. 
In the present studies, no such direct measurements have been made. 
We have, however, tested some of these relations abundantly in other 
ways. 

For this purpose, fishes of varying temperature history have been 
subjected to two principal lethal agents: KCN (0.001 M in sea water) 
and boiled sea water, containing about 5 per cent of the oxygen nor- 
mally present. Since death from cyanide, as already stated, is due, in 
part at least, to asphyxiation, the rate of death from either of these 
lethal agents may be taken as a measure of respiratory metabolism. 

In using each of these agents, our tests were of two sorts. The 
fishes were either (a) tested at the temperature, high or low, to which 
they had been acclimatized ; or (b) they were tested after they had been 
returned for varying periods to the water of intermediate temperature 
(20°) from which they had been taken at the commencement of the 
experiment. In the latter case, the relations were also investigated be- 
tween the duration of conditioning and the duration of the persistence 
of the induced effect. 

In a limited number of experiments, the fishes of various temperature 
histories were subjected to the anesthetic urethane. The results from 
these experiments were less intelligible than those from other lethal 
agents, and the relation, earlier suggested (Sumner and Wells, 1935), 
between metabolic rate and susceptibility to this drug, now seems rather 
doubtful. 

(2) Under the second head, we have chiefly sought to determine 
(a) the relation between the duration of previous conditioning and the 
extent of the subsequent resistance to heat (i.e. how high temperatures 
were lethal to the fishes), and (b) the relation between the duration of 
conditioning and the persistence of the effect, when the fishes were 
returned for varying periods to their original temperature. 

In these experiments with lethal heat, our procedure has consisted 
in placing small lots of the fishes under comparison simultaneously in 
separate screen cages, immersed in a common tank. In any given set of 
experiments, the temperature at the outset was brought to the same 
level (most frequently 37.6°), before introduction of the fishes. It 
was thereafter raised at an average rate of about 0.1° in two minutes. 
Record was kept of the moment when each fish succumbed, and of the 
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temperature of the water (to 0.1° or less) at that moment. Thus, it is 
evident that the temperatures recorded as lethal and the times recorded 
as the duration of resistance have no absolute significance. Their sig- 
nificance is entirely relative to the conditions of these experiments. 
In most of our experiments, there was little or no overlapping between 
lots of fishes having different temperature histories. This, although 
the mean lethal temperatures for such lots might differ by less than 
one degree. 

Some tests were also made with a view to discovering the causes 
of certain unaccountable differences in our experimental results from 
lots of fishes which might have been expected to agree completely with 
one another. In general, none of the suspected causes were found to 
be responsible for these incongruities. The possible influence of dif- 
ferences in size, for example, was tested, despite our customary en- 
deavor to select fishes of the same mean size for two lots under com- 
parison. As will be pointed out below, size, within the range of dif- 
ferences which concern us here, could not have been a responsible factor 
in the matter, although size differences of sufficient magnitude were 
found to affect the respiratory rate and the rate of death in boiled water. 

We likewise tested the possible effects of differences in the recency 
of feeding, and of minute differences in the concentration of the KCN 
solution. It was found that recency of feeding—even feeding within 
24 hours—did not affect the resistance of the fishes to cyanide, while 
differences in the concentration of the solution as great as 2 per cent 
had no recognizable effect. 

In all of our experiments, the value to be determined was the rela- 
tive resistance of a given lot of fishes to the lethal agent or anesthetic 
which was employed. This resistance was measured by the time which 
elapsed before each individual “succumbed.” It was consequently 
necessary to adopt a uniform criterion of “ succumbing,” in other words, 
a definite end-point which could be regarded as comparable throughout 
a given series. 

The criterion adopted was necessarily different for the different 
types of experiment. In the case of lethal heat, the matter was simple. 
The end-point adopted was the time when the fish ceased to make any 
respiratory movements or other visible movements, spontaneous or 
induced. This time could ordinarily be recorded with an accuracy of 
less than half a minute. The figure recorded did not, however, neces- 
sarily represent the time of actual death, since many of these individuals 
recovered if transferred promptly to cooler water. 

Where extreme cold was the “ lethal” agent employed, a satisfactory 
erid-point was more difficult to detect, since ready responsiveness to 
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sharp mechanical shocks persisted long after all spontaneous movements 
ceased. Although our criterion was changed somewhat from one ex- 
periment to another, it was constant within any one experiment, so that 
some of the results are highly instructive. 

In experiments involving asphyxiation (KCN and boiled water) the 
actual death of the fish was revealed by a more or less prolonged con- 
vulsive seizure, which was readily recognizable in most cases. More 
often, this commenced rather dramatically, after some minutes of com- 
plete quiescence, beginning with a vigorous flexure of the body, and 
passing into a characteristic series of quivering and twitching movements 
of the mandible, opercula and fins. The length and intensity of this 
convulsion were inversely proportional to the temperature, its duration 
in KCN solution averaging about 6 minutes at 10°, 3 minutes at 20°, 
and 1 minute at 30°. At the latter temperature indeed, it was fre- 
quently so brief or so inconspicuous that it could not be observed at all. 
The time of the commencement of these death throes has been adopted 
as the end-point in experiments with KCN and boiled water. 


TABLE [| 


Mean times of survival in KCN at various temperatures, after three days 
accommodation to these, and relative rates of respiratory metabolism on which KCN 
curve in Fig. 1 is based. The last figures are the quotients obtained by dividing the 
reciprocals of the various times by the reciprocal of the time at 10°. 


| Times of Survival 
| 





Temperature Actual Tem- 
Number of of Acclima- perature in |. 
Fishes tization Bowls during | Relative 
(+) Experiment Mean Range Metabolism 
es ae ae ee | 
20 | 10 10.7 | 308.5 | 241-375 | 1.0 
19 15 } 156 | 1840 | 153-221 1.7 
20 20 20.4 | 109.2 89-139 2.8 
17 25 | 25.0 64.4 56-78 4.8 
20 30 29.5 42.4 34-52 7.3 
L 





In experiments with urethane, choice of an end-point was a more 
difficult matter, especially at low temperatures, a fact which detracts 
from the value of many of our experiments with this drug. 

In addition to records of their relative resistance to lethal agents 
and to urethane, we have records of the rate of the respiratory rhythm 
of many of our lots of fishes. The value of these last, though real, is 
limited, (1) owing to the responsiveness of the respiratory rate to 
various unavoidable sensory stimuli, and (2) owing to the fact that 
there is another “ dimension ” to the respiratory movements—depth as 
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It is likely that the former may influence the amount 
of water passing through the gill-chambers as much as the latter, which 


well as frequency. 


alone can be recorded. 





a ° 


10 5 20 25° 30 


Temperature 


Fic. 1. Correlations between temperature and respiratory metabolism. The 
values for KCN and for boiled water (B. W.) are obtained in each case by divid- 
ing the reciprocals of the mean times of death at the various temperatures by the 
reciprocal of the time at 10° (equivalent to dividing mean time of death at 10° by 
each of the others). The upper curve is based upon measurements of oxygen 
consumption by N. A. Wells (1935, Table II (means of Experiments 4 and 5). 
Each of these curves is based upon relative values only. Their separate positions 
on the vertical scale have no significance. 
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The more significant results of all these experiments may be sum- 
marized as follows: . 


PoTAssiIuM CYANIDE 


(1) Death in KCN was speedy in direct proportion to the tem- 
perature of the medium, fishes dying far more rapidly at a high tem- 
perature than at a low one. This fact is altogether in accordance with 
expectations, since the oxygen requirements of fishes and other poikilo- 
therms are known to rise with increasing temperature.* When the 
reciprocals of the times of death are plotted against temperature, using 
the value at 10° as unity, a fairly exact logarithmic series is shown, 
of a form similar to that shown when the known data of oxygen con- 
sumption are similarly plotted (Table I, Fig. 1).° It will be seen that 
the Q,, lies between 2.6 and 2.8. 

(2) A low correlation exists between the duration of acclimatiza- 
tion to high or low temperatures and the degree of resistance to KCN, 
at those temperatures. When fishes which had been subjected to 30° 
for a few hours, and for various numbers of days, up to a month or 
more, were compared in KCN at this temperature, the results were 
highly variable, though statistical differences of reasonable certainty 
were evident when all of the results were considered. From Table II 


TABLE II 


Relation between duration of acclimatization in 30° and resistance to KCN at the 
latter temperature. (Mean times in minutes). 





Duration acclim. | } hr.—5 hrs. 1 day | 3days |5 days 
Number of fishes. 76 52 60 | 10 
Length of resistance | 34.67+0.25 | 41.79+0.42 | 44.52+0.53 | 47.90 
Duration acclim.. | 10-11 days 22-42 days | 
Number of fishes 26 42 
Length of resistance | 50.85+0.67 | 48.36+0.66 | 





it is evident that a progressive increase of resistance occurred, com- 
mencing with the briefest periods of acclimatization. 


* It is possible of course, that the results with KCN may be influenced to some 
extent by the effects of temperature on diffusion, or on the “ coefficient of dis- 
tribution,” or some other physical factor (cf. discussion by Child, 1913), though 
this could hardly affect the phenomena of reversal at a common temperature. 

5 Similar curves representing the correlation between temperature and me- 
tabolism have been published by Krogh (1916), Benedict (1932) and doubtless 
others. 
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This situation may be explained on the supposition that the initial 
risé in respiratory metabolism, resulting from the abrupt transfer to 
a higher temperature, is followed by an adjustment, in which the 
metabolism gradually falls again (Fig. 2). That it never even approxi- 
mately reaches its former level, at least within the time limits of our 
experiment, is obvious from an inspection of the table and graphs. 


Min 





oD O° 
300 i 
= 7 
~ 
250-51 ae 
200r= 
S, 
150F 
oO 
° a “a. 
1oo}-SMean_Endurance at 20° ‘ —— nn ° 
Par = 
Tp lo 
° “Os. | 
50 oo paoseor™ — ---- 
30 
Ol 3 5 10 14 | 3 3 a 
Days in 10 and 30° Days in 20 


Fic. 2. Relations between duration of acclimatization in 30° and 10° re- 
spectively, and resistance to KCN at these temperatures. The 30° curve is based 
upon data in Table II, the 10° curve upon data in Table III. The line representing 
“Mean Endurance at 20°” (102 minutes) is based on all of the fishes (100) for 
which reliable figures at this temperature are available. Abscissas represent (left) 
days of acclimatization in 10° and 30° water, and (right) days following return 
to original temperature (20°). Ordinates represent survival time in minutes. 


A similar, though converse, situation was to be expected when fishes 
were transferred to water of lower temperature instead of higher. An 
initial fall in respiratory metabolism (increase of resistance to KCN) 
would occur, followed by a compensatory rise, manifested in diminish- 
ing resistance. This, indeed, is what we have observed, though the 
variability of the individual figures is even greater than in the case of 
the warm water series, and the statistical probability of the successive 
steps is correspondingly less (Table III). A further difference be- 
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tween the “ warm” and “cold” series is the fact that the maximum 
resistance of the latter (peak of the curve) is not attained as promptly 


as is the minimum resistance of the former, so that a further rise occurs 
within the period of our test, before the compensatory drop commences 
(Fig. 2). 

(3) If, instead of subjecting the fishes to KCN, while at these 
temperature extremes (10° and 30°), they were removed from these 
last and returned to an intermediate temperature before the test with 
cyanide, it was found that a complete reversal took place, the fishes of 
‘warm” history now displaying a higher resistance than those of 
“cold” history, while the 20° fishes remained intermediate as pre- 
viously. These reversed effects persisted clearly for 3 days after trans- 
fer to the intermediate temperature, less certainly after 5 and 10 days. 
(Table IV, Figs. 2, 3.) The re-reversal of the relations which was 


TABLE III 


Relation between duration of acclimatization in 10°, and resistance to KCN at the 
latter temperature. (Mean times in minutes). 








Duration acclim.. | } hr.—5} hrs. | 1 day | 3 days 
Number of fishes. 74 53 50 
Length of resistance 300.8 +2.92 317.8+2.86 302.8+4.32 
Duration acclim.. 5 days 10-11 days | 24-44 days 
Number of fishes. . 10 26 | 33 
Length of resistance aah 296.3 | 289.1+3.81 | 285.5+5.58 





found at the end of 20 days (Fig. 2) may well be accidental, as are 
perhaps the exact relations of both of these curves to the “ intermediate ”’ 
(20°) line, which is based upon the mean figure for 100 fishes. 
Certain relations of more or less certain significance are to be noted 
from inspection of Fig. 3. Thus, the curves for the “W” (30°) 
series, without exception, lie above those for the “C” (10°) series; 
the curves of each comparable pair (equal times in “I”) diverge from 
one another, with increasing times of acclimatization; the terminals of 
the curves (with the exception of “I, 2 hrs.” in the “ W” series) are 
arranged in sequence, according to the length of subjection to “I” 
20°), and are arranged in reverse order in the two series. The two 
“I, 2 hrs.” curves, for example, are farthest apart, the “I, 10 days” 
ones closest together, etc. The various incongruities in the figure, as 
a whole, are doubtless due to the high individual variability shown by 


each set of fishes. 
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(4) It is probable that within broad limits no appreciable relation 
exists between size and susceptibility to KCN poisoning. In two ex- 
periments, 21 “large” and 17 “small” fishes were compared, the 
former averaging from 4 to 5 times as heavy as the latter. The mean 
times of succumbing were 101.0 and 103.4 minutes, respectively, there 


TABLE IV 


Persistence of effects of acclimatization to 10° (“‘C”) and 30° (‘““W”), when 
followed by sojourns of varying length at intermediate temperature (20°) upon 
resistance to KCN at the latter temperature. Survival times in minutes. Values 
having high probability denoted by asterisks. For method of computing probabili- 
ties see Tippett, 1931, pp. 80-82. 





























, : Duration of : Probability that 
N bers pores 2 | . 2 . , Diff Cl ; = 
mmetwolts | tion [Timer] Cc | WL WRC | “Scien 

29, 24 1 day 2 hrs. 89.7 | 104.4 | 14.7 *0.9999 + 
7, 10 . 1 day 90.7 | 107.2 16.5 *0.9959 
10, 10 ;* 3 days | 109.8 | 109.7 —0.1 0.5000 
10, 10 ,* 2 “ 100.5 | 101.2 0.7 0.5000 
2 3 days 2 hrs. 86.0 87.0 1.0 0.6500 
5, 6 3 * 1 day 93.0 | 124.8 31.8 *0.9999+ 
15, 15 Sdays | 2hrs. 90.5 | 115.5 25.0 *0.9999 + 
9, 10 - 1 day 90.8 | 121.3 30.5 *0,9999 + 
8, 10 * 3 days | 101.4 | 116.0 14.6 *0.9985 
=e i &* fae 107.2 | 108.4 1.2 0.6300 
11,11 |10-11days| 2hrs. | 83.8 | 1070 | 23.2 *0.9999-4 
on | | | 
23, 18 33-40 d. 2 hrs. 84.2 | 123.2 39.0 *0.9999 + 
18, 20 36-51 “ 1 day 92.0 | 129.0 37.0 *0.9999 + 
19, 20 36-56 “ 3days | 98.5 | 127.0 28.5 *0.9999 + 
10, 10 57 days | 5 “ 101.7 | 110.9 | 9.2 *0.9969 
18, 30 31-46d. | 10 “ 111.9 | 116.7 4.8 0.8200 
10, 10 46 days 20 “ 110.7 | 103.6 —7.1 0.9245 

















being, in each of the experiments, an almost complete overlapping of 
the values. 


BotLep SEA WATER 


(1) When kept throughout the tests at the various experimental 
temperatures, the time relations of the deaths in boiled water were very 
similar to those in KCN though forming a less perfect logarithmic 


series (Table V, Fig. 1). The values for Q,, are here much less con- 
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stant, ranging from 2.3 to 3.0. These incongruities may be due to the 
considerably smaller number of individuals used. 

(2) Death in deoxygenated sea water was more than 60 per cent 
slower, at the same temperatures, than in KCN solution. That this 
slower rate was not due to traces of oxygen left in our boiled water is 
known from the fact that considerable increases ( 2 or 3) in the 
small amount of oxyygen present were not found to have any appreci- 








Days Acclim. 


Fic. 3. Acclimatization for varying periods in “cold” (10°) and “warm” 
(30°), followed by sojourn for varying periods in “ intermediate” temperature 
(20°), from which the fishes were originally taken. Abscissas = times of acclima- 
tization in C and W (days). Ordinates = survival times in KCN solution 
(minutes). Separate curves are plotted for the various sets differing in their 
length of sojourn in /. 


able effect. It may be due to the presence of a considerable reserve 
of oxygen in the tissues, which is rendered unavailable by the KCN. 
Or it may be that the latter has some toxic effect, independently of its 
effect upon oxygen utilization. 

(3) Owing, in part at least, to the much smaller number of fishes 
used in the present series, the relations between duration of temperature 
conditioning and resistance to asphyxiation were not so well shown 


here as in the case of KCN. For those which had been acclimatized 
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TEMPERATURE 


for varying periods to 30°, a trend was nevertheless indicated, which 
agreed with that for KCN. This was not, however, true of the experi- 
ments at 10°. 

(4) In two experiments in which “cold” lots were compared with 
“warm” or “control” (20°) lots, after transfer to the latter tem- 
perature, we had the same marked reversal as in the case of cyanide. 
Here, however, we had only 2 to 4 individuals of each sort. 

(5) The size of the fishes, in experiments with boiled water, as 
contrasted with those in KCN or lethal heat, was found to have a 
marked influence upon the death-rate. Smaller (i.e. younger) fishes, 
as might have been expected (for both KCN and boiled water), were 
the first to succumb. Four experiments were performed, five fishes of 


TABLE V 


Mean times of survival in boiled sea water, at various temperatures, after 3 days 
acclimatization to these, and relative rates of metabolism on which ‘B.W.” curve in 
Fig. 1 is based. For significance of figures for ‘‘relative metabolism” see Table I. 


| 
Temperature Actual tem- Times of survival 














Number in ae of acclima- perature in |_ Relative 
each lot (em.) tization flasks during Metabolism 

(+) experiment Mean Range | 
| i | S. | 

10 10.6 10 9.8 483.7 397-619 1.0 

10 | 10.2 15 14.9 257.6 | 210-296 1.9 

10 | 10.3 20 19.9 179.7 140-227 2.7 

9 10.7 25 24.8 112.0 77-148 4.3 

10 | 10.3 30 29.5 | 60.5 | 50-77 8.0 





each size being used in each of these. In two experiments, in which 
the mean weight of the large fishes was 21% times that of the small ones, 
the average duration of life of the former was 15 per cent greater than 
that of the latter. In two other experiments, in which the large fishes 
averaged 4 times as heavy as the small ones, the difference was 41 per 
cent. The means for the 20 large and 20 small, comprised in the entire 
series were: 297.4 and 238.7 minutes respectively.° The rapid decline 
of respiratory metabolism with increasing size in fishes and other cold- 
blooded animals is now a familiar fact. (Keys, 1931, and Wells, 
1935a, have presented data for fishes, based upon experiments con- 
ducted in this laboratory.) 

6 All four experiments yielded large mean differences, while in two of these 


there was no overlapping of values. But the four sets are not homogeneous enough 
in respect to temperature, etc. to justify the computation of probabilities. 
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LETHAL HEAT AND COLD 


(1) With fishes taken originally from a stock tank at 20°, differ- 
ences in the length of conditioning to 30° led to marked differences in 
their subsequent resistance to lethal heat. Even a half hour’s previous 
stay at 30° led to a considerable increase in resistance, and this increase 
continued, though at an ever-slowing rate, up to 10 (perhaps even 30) 
days, when this particular test was discontinued. After the first day, 
the rise of the curve was very gradual (Table VI, Figs. 4 and 5). 


TABLE VI 


Relations between length of acclimatization to 30° and resistance to lethal effects 
of heat, the resistance being indicated both by the time and the temperature at which 
the fishes succumbed. (Including only those experiments in which heat treatment 
commenced with 37.6+). 

The probabilities relate to the differences between each temperature and the one 
in the preceding column. High ees indicated by asterisks. 


| | 





} | 
; A | | | 
Time of 0 30 min. | 1 hr. 2-24 



































acclimatization hrs. hr 7 © tas. | = 
ieee apbianiceel ; wail — a we 
Number of fishes..| 15 | 10 > & tS r 20 | 0 | 20 
ee ott me a 
Mean time (min- | | | i” | 
utes) i ..| 4.9 | 10.6 } 21.5 | 24.5 |. 30.1 | 34. 4 | 40.9 
eit. oad 37.73 73 | 38.03 | 38. 36 38.48 | | 38.73 | 38. 89 | 39.06 
Probabilities = ! | *0 9999+ *0.9890| 0. 8740 | *0. 205 *0. “0.9940) *0,9999-+ 
Time of ciineaeiiialie | 1 day 3days | 10days | 30 days 
Number of fishes...........| 10 | 10° | ~—10~—| 0 
Mean time (minutes).......) 41.5 | 536 | 610 | 622 
htven temp. ” es | 30.11 P- 30.32 32 F | 39. 62. q 39.68 
Probabilities ila 0.9400 a . *0. 1.9975 | #0,9992 | 08300 





Not included in the foregoing are three experiments in which the 
temperature of the “hot” tank at the outset was 38.75° (+), and in 
which the fishes under comparison (10 of each) had previously been 
conditioned to 30° for 3 and 39 days respectively. The mean lethal 
temperatures for the two lots were 39.50° and 40.11°, respectively, there 
being no overlapping of the figures for the contrasting lots. 

(2) Return to a common temperature of 20° for considerable pe- 


riods before testing with lethal heat diminished, but did not annul, the 
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effects of previous acclimatization. For example, a sojourn of 23 days 
at 20° did not suffice to eliminate the difference between lots which 
had been kept for 46 days at 10° and 30° respectively, while fishes kept 
for only a single day at these last temperatures retained a considerable 
part of the resulting difference after 10 days at 20°. On the other 


ee 9 17 26 


Hours Acclim. 





0! 3 10 30 
Days Acclim. 

Fic. 4. Correlation between previous acclimatization in 30° tank and re- 
sistance to lethal effects of heat. Data for shorter periods only (up to one day) 
are plotted in 4; those for both short and long periods are plotted, on different 
scale, in B. Abscissas = times of acclimatization in hours (or days); ordinates 

mean temperatures which proved lethal to the various lots. 


hand, the effects of 3 days conditioning at these extreme temperatures 
had nearly or quite disappeared after 30 days at the intermediate one. 
This last is not in agreement with certain results reported for Fundulus 
by Loeb and Wasteneys (1912), who state: “The immunity against 
a temperature of 35° acquired by keeping the fish for two days at 27° 
is not lost or weakened if the fish are afterwards kept as long as thirty- 
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three days at a temperature of from 10° to 14°.” It may well be that 


Gillichthys differs from Fundulus in this respect. These authors like- 
wise state : “ The immunity against a temperature of 35°.C. is also main- 


Min 


40 


35 


25r « 


20 


50 
0 2 5 4 17 26 
Hours 


Fic. 5. This is the counterpart of Fig. 44, the present values representing the 
mean times in which death occurred, instead of the temperatures. 





tained if the fish are kept after the two days’ exposure to 27° for two 
weeks at a temperature of 0.4° C.” We have not employed such a low 
temperature in this connection. 





, 
} } 
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Table VII * comprises the chief results of experiments of this class, 
while Figs. 6 and 7 depict, for one series of tests, the relations between 
the periods of conditioning in “cold” and “ warm” water (10° and 
30°) and the subsequent sojourn at the “ intermediate” temperature 
(20°). The divergence of the two sets of curves in Fig. 6, and their 


TABLE VII 


Persistence of effects of acclimatization to 10° (‘‘C") and 30° (““W”), upon 
heat resistance, when followed by sojourns of varying length at intermediate tem- 
perature (20°). 

The probabilities relate to differences between lethal temperatures for C and 
W lots. High probabilities indicated by asterisk. 












































| 
Period of 0 ti 

Number of Period of | Subse- 7 reaietamce Lethal Temp. 

fishes in acclim. (10° | quent stay sauhten | Probability 

each lot and 30°) | at 20° tant | 1 

. | c Ww c Ww 
10 (Din W) 6 hrs. 12( +) hrs.| 36.0° 23.0 | 55.8 | 37.38° | 38.56° | *0.9620 
10 1day |2}hrs. | 36.0° | 15.1 | 67.1 | 36.96° | 39.09° | *0.9999+ 
10 seal 11 day 36.0° | 28.7 | 61.3 | 37.50° | 39.11° | *0.9999+ 
10 Py soe |3 days 36.0° | 26.7 | 53.3 | 37.58° | 38.68° | *0.9999+ 
10 _= |10 = 36.0° | 22.2 | 36.3 | 37.31° | 38.02° | *0.9997 
15 | 3days |30days | 36.0° | 18.8 | 20.4 | 36.99°| 37.07°| 0.6900 
10 5 days (2 hrs. 37.0° 5.0 | 58.3 | 37.30° | 39.27° | *0.9999+- 
10 “ «Tt day 36.0° | 29.0 | 70.1 | 39.64° | 39.53° | *0.9999+ 
10 oy |3 davs | 36.0° 13.5 | 64.7 | 36.80° | 39.11° | *0.9999+ 
10 (9 in W) eS |10 “s | 36.0° 18.9 | 47.4 | 37.25° | 38.66° | *0.9999+ 
= oe | | hain 

10 34 days \2( +) hrs.| 37.0° 2.5 | 70.1 | 37.20° | 39.89° | *0.9999+ 
10 — 1 day | 36.0° 5.7 | 80.9 | 36.39° | 40.09° | *0.9999+ 
10 a |3 days | 36.0° 7.4 | 76.3 | 36.54° | 39.85° | *0.9999-+ 
10 — j10 - 36.0° | 12.7 | 53.7 | 36.82° | 38.90° | *0.9999-+- 
10 46 days l23 days 36.0° 14.1 | 37.6 | 36.87° | 38.23° | *0.9999+ 
23t = — 36.0° | 24.7 | 27.9 | 37.36° | 37.55° | 0.8850 





t In this experiment, 10 ‘‘controls” which had been kept continuously at 20° 
gave mean values: time, 18.3 minutes; temperature, 37.07°. 


convergence in Fig. 7 represent significant facts, as do the relative 
positions of all of the single curves in Fig. 7 and some of those in 
Fig. 6. 

(3) Long-time (38-day) conditioning of fishes to a low tempera- 
ture (10°) made them more resistant to extreme cold (1.0° —) than 


7 Corroboration of some of these results was obtained from a number of experi- 
ments which could not conveniently be included in the table. 
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Days Acclim. 


Fic. 6. Same legend as for Fig. 3, except that the present figure relates to 
heat resistance, the ordinates representing temperatures which proved lethal to the 
various lots of fishes. 


3 days 


2 
h Time in Int 
s 


Fic. 7. Based upon the same experiments as Fig. 6, but with different treat- 
ment of the data. In the present case, the subsequent sojourn in “ intermediate ” 
(20°) is plotted on the abscissas axis, while separate curves are drawn for the 
various periods of previous conditioning to “cold” and “warm.” 














TEMPERATURE ACCLIMATIZATION IN FISHES 421 


ones which were transferred to 10° only 3 days previously. Our evi- 
dence here is reasonably conclusive, though not lending itself readily 
to quantitative treatment (see pp. 407-8). 

(4) Fishes kept alternately at 10°, 20° and 30° for 7 or 8 com- 


TABLE VIII 


Effects upon resistance to heat of previous subjection to “cold” (10°), ‘intermediate 
(20°) and “warm” (30°), in alternation. 


” 





9 art f os 2 
Temp. of hot Rate of | Number Period of Lethal 








tank at start rise of fishes Temperature history ———— — 
= |. : 
37.6°-37.7° | 0.1 in 8 | 5 cycles: W(24 hrs.), I1(12 hrs.), 32.7 
13 min. | (C(24hrs.), I(12 hrs.), ete. 


8 5 cycles: C(24 hrs.), I(12 hrs.), 46.0 
W(24 hrs.), [(12 hrs.), etc. 
8 Control: I (continuously) 4.5 





37.0°-37.1° | 0.1° in 10 8 cycles: W(12 hrs.), I (12hrs. ), 29.5 38.20° 
2.8 min. C(12 hrs.), I(12 hrs.), etc.* 
10 7 cycles: W(12 hrs.), I(12 hrs.), 42.5 38.47° 
C(24 hrs.), [(12 hrs.), etc.f 
20 Control: I (continuously) 6.0 37.30° 


Probability of difference between 
first and second temperature 
low (0.8100); between first and 
third very high (0.9999-+-) 








36.0-36.1 | 0.1° in 10 |9 cycles: W(12 hrs.), 1(12 hrs.),| 66.7 | 39.25° 
1 min.} C(24 hrs.), I(12 hrs.), etc.f 


; 11 Control: I (continuously) 15.1 36.91° 


Probability of difference very 
high (0.9999-+-) 


37.6 0.1 in 15 | W (6 days, continuously) 42.8 39.80° 





2.0 min.| 15 | Wand I (12-hr. periods alternate- 
ly for 12 days) 43.0 39.79° 

15 W and I (2-day periods alter- 
nately for 12 days) 43.0 39.79° 

















* Except that last C and W were each 24 hours. 
t+ Thus C time = 2 X W time. 


plete cycles were more resistant to heat than ones which had been kept 
continuously at 20°. This was decisively true, even in some experi- 
ments in which the “cold” periods were twice as long as the “ warm ” 
ones (Table VIII).* On the other hand, fishes which had been sub- 


‘ 


8A somewhat similar experiment was performed by Loeb and Wasteneys 
(1912), with results similar to ours. 
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jected to these alternations of temperature were less resistant to extreme 
cold (0° —1°) than ones kept continuously at 20°. This statement 
is based upon four experiments, involving 28 “ alternation” fishes and 
19 controls. While the results cannot well be treated quantitatively, 
for reasons already stated, this general statement admits of little doubt. 

(5) When the water temperature was raised gradually, throughout 
a period of several hours, the tolerance was considerably increased, in 
comparison with experiments in which the fishes were subjected abruptly 
to these higher temperatures. Thus when 15 fishes were placed in a 
tank at 32.2° and the water gradually warmed, the first death occurred 
when the temperature reached 37.6°. This was 5% hours after the 
commencement of the experiment, and 144 hours after the temperature 
had reached 37.2°. On the other hand, when 19 fishes of the same 
original stock were placed abruptly in water at stationary temperatures 
of 36.9° to 37.2°, they all died within a maximum of 17 minutes, the 
mean time being 10 minutes. 

(6) In four experiments, comparisons were made of the resistance 
to heat of large and small individuals (totalling 21 of each), having 
identical temperature history. The former averaged about four times 
as large, by weight, as the latter. The mean temperatures at which 
they succumbed averaged: large, 37.79°; small, 37.48°. Comparison 
of individual figures makes it highly improbable that any relation exists 
between size and resistance to heat, or at least any which could be 
revealed without the use of much greater numbers of fishes.* This is 
in marked contrast to the consistent differences which were generally 
to be observed in comparing fishes of different temperature history. 

(7) In a single experiment, the question was tested whether re- 
sistance to heat was affected by the salt concentration of the water. 
Unlike Loeb and Wasteneys (1912), we used for this test a fresh water 
species (Gambusia affinis). This fish can be acclimatized to 75 per 
cent sea water (probably to full strength) if the change is made in 
several steps. In our single experiment, two lots, of 17 and 16 fishes 
respectively, which had been kept in fresh water and 75 per cent sea 
water (the latter in this medium for 5 days), were subjected to lethal 
heat. The mean temperature of succumbing of the fresh water indi- 
viduals was 37.46, that of the salt water ones 38.53. If one individual 
were removed from each series, there would be no overlapping between 
the two. Thus heat was more rapidly fatal to this fresh water species 

® Bélehradek (1935) cites contradictory figures as regards the relation of age 
to heat-resistance in fishes. M. M. Wells (1914), on the other hand, on the basis 
of experiments upon several species of fresh-water fishes, concludes: “ Large fish 


of a given species are more resistant to high temperatures than small fish of the 
same species.” Wells used Ameiurus melas and several species of Notropis. 
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in fresh water, than in the unfamiliar medium to which it had been 
rather rapidly acclimatized. 


URETHANE 


(1) In comparing the times required for anesthetizing at different 
temperatures, no consistent results were obtained. The earlier infer- 
ence (Sumner and Wells, 1935) that the effects of urethane were di- 
rectly related to the rate of respiratory metabolism does not appear 
to be well founded. 

(2) Nevertheless, when acclimatization at 10° and 30° was fol- 
lowed by sojourn at a common temperature (20°), tests with urethane, 
made at the latter temperature, gave consistent results similar to those 
reported by Sumner and Wells, and agreeing with those reported in 
the present paper for KCN and boiled water. Fishes of previous 
“warm” history were much more resistant than ones of previous 
“cold” history, and these differences tended to be great in proportion 
to the duration of the previous acclimatization. 

(3) When comparison was made of fishes (10 each) which had 
been kept at 30° for 5 hrs., 1 day, 3 days and 34-35 days, a consistent 
increase in resistance was manifested, the last set requiring nearly three 
times as long for anesthetization as the first. 

(4) No consistent results were obtained when similar tests were 
made at 10°. 

This last fact is due, in part, to the difficulty in finding a satisfactory 
“end-point” for urethane anesthesia at low temperatures. For this 
and other reasons, we abandoned the plan to make more extensive tests 
with this drug. While the results stated in paragraphs 2 and 3 of this 
section appear to represent actual physiological differences, we are not 
disposed to attempt any interpretation of these at present. 


RESPIRATORY MOVEMENTS 


(1) The frequency of respiratory movements, based upon 45 “ cold ” 
(10°) fishes, 78 “ intermediate ” *° (20°) ones, and 44 “ warm” ones, 
was 26.4 + 0.61, 73.7 + 1.15, and 74.8 + 1.95, respectively, per minute. 
The figures upon which these averages are based are restricted to experi- 
ments in which fishes at all three temperatures were available for simul- 
taneous comparison. It is unlikely that the “warm” and “ inter- 
mediate” fishes differed significantly (Table IX). 


‘ 


10 This number included many of the “warm” and “cold” fishes, which were 
tested at 20°, before subjection to the other temperatures. 
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(2) Transfer from 20° to 10° resulted in a mean fall in respiratory 
rate of 39.7 + 2.02 per minute (mean of 39 fishes). 
20°, this was followed, in the 37 fishes thus tested,'' by a mean rise 
of 32.5 + 1.34 per minute. 

(3) Transfer from 20° to 30° resulted, quite unexpectedly, in no 


consistent rise in respiratory rate. 


After return to 


In seven experiments (3 fishes 


each), in which counts were made of the breathing of fishes that had 
been transferred to the 30° tank from 2 hours to 4 days previously, 


Mean rates of respiratory movements at 10° (“C”’), 20° (“I”) and 30° (“W”) 


TABLE IX 





























Duration acclim. in Temp. Number of Mean length Resp. per 
C and W history fishes (cm.) minute 
. 6 12. 36.0 
3—4 hrs. I 18 12.7 73.5 
W 6 12.8 86.7 
Cc 12 13.1 27.5 
18-24 hrs. I 30 13.0 73.2 
W 12 13.3 70.8 
Cc 9 13.1 26.1 
2 days I 24 13.0 72.6 
WwW 8 12.7 74.8 
c 12 13.2 22.4 | 
10-11 days I 2 13.0 76.6 : 
W 2 13.2 81.2 | 
© 12 13.7 29.4 
33-37 days I 12 14.3 74.4 
W 12 13.9 72.5 
Means (omitting © 45 13.29 26.4+0.61 
3-4 hours) I 78 13.20 73.741.15 
W 44 13.33 74.841.95 











the mean rise in respiratory rate was a nominal one (1 per minute), 


there being actually more negative cases than positive ones. 


On the 


other hand, there was a large and consistent fall when 30° fishes were 
returned to 20°, the average difference for 28 fishes being 33.3 + 2.50 


per minute. 
another. 


These two sets of facts are difficult to reconcile with one 


(4) When fishes of “warm” and “cold” history (28 of each) 


11 Mostly 


different 
mediately preceding. 


individuals 


from those covered by the 


statement im- 
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were compared 15 minutes to 2 hours after transfer to 20°, the latter 
gave a distinctly higher rate, this difference averaging 15.9 + 2.73 per 
minute. Here we had the same reversal of relation as was found with 
KCN and boiled water. 

(5) The rate of respiratory movements was dependent to some ex- 
tent on size. In each of 4 experiments, 5 “ small” and 5 “ large ” fishes 
were used, the temperatures being 15.1° to 15.5°. The 20 small ones, 
having a mean weight of about 34 grams, gave a mean rate of 49.1 
respirations per minute, as compared with 26.9, for the 20 large fishes, 
which averaged about 73 grams. In these four experiments, only a 
single case of overlapping occurred between the two contrasted lots. 


DISCUSSION 


From the various quantitative relations revealed in our tables and 
curves, it is conceivable that definite conclusions might be drawn re- 
garding the nature of the various chemical reactions concerned. The 
present writers do not feel disposed, or indeed qualified, to undertake 
any such general interpretations of our results. It may, however, be 
instructive to point out analogies between certain features of these 
results and some other biological phenomena. 

The situation depicted in Fig. 2 seems to find an instructive counter- 
part in the field of sensory physiology. The intensity of a sensation 
rises rather abruptly to a maximum, following a stimulus, and then falls 
again, even while this stimulus is continued. The crossing of the two 
curves in our figure, following the return of the two sets of fishes to a 
common, intermediate temperature, recalls an old and familiar experi- 
ment in sense physiology. We refer to the one in which the subject’s 
two hands are dipped into hot and cold water, respectively, and then, 
after a few minutes, they are removed and dipped simultaneously into 
water of medium temperature. One experiences a reversal of his 
temperature perceptions quite parallel to the reversal in metabolic rate 
which is manifested by the fishes after a similar transfer. Such an 
analogy is not, of course, to be offered as a substitute for an explanation 
in physico-chemical terms. But in the absence of a satisfactory ex- 
planation of the latter type, it may have suggestive value. Indeed, it 
seems likely that this analogy is based upon fundamental similarities 
in the irritability of quite different sorts of living matter. 

The relations shown in Fig. 1 are representative of a wide range 
of phenomena which have to do with the effects of temperature upon 
the rates of vital processes. (Cf. Krogh, 1916; Bélehradek, 1935.) 
The vast and well-tilled field of “ temperature coefficients ” (cf. Béleh- 


















































426 F. B. SUMNER AND P. DOUDOROFF 


radek, 1935, Heilbrunn, 1937) is one which we have no intention to 
discuss. 

Our curves (Figs. 4 and 5), are quite definite in their trend, though 
we doubt whether they furnish anything very distinctive by which the 
underlying chemical or physical processes could be identified. Perhaps 
others might find this possible. It hardly seems likely, however, that 
such a rapid acclimatization to heat could result from the production 
of fats having successively higher melting-point (Heilbrunn, 1937; 
Bélehradek, 1935), though we should not be warranted in denying this 
possibility. Biochemical processes in the field of sense physiology are 
known which are even more rapid than this, e.g. light- and dark- 
adaptation in the human eye (Hecht, 1920, Tansley, 1931). The strik- 
ing similarity between our curves (Figs. 4 and 5) and some of those 
offered by the latter writer perhaps deserves mention. Tansley calls 
attention to the close parallel between the rate of a sensory change, de- 
termined subjectively, and a measured biochemical change (restoration 
of visual purple), which is presumed to be intimately associated with 
this. Some future physiologist may be able to prove that heat-acclima- 
tization rests upon an equally simple chemical transformation. 

Regarding the much-discussed question of the cause of death at 
(moderately) high temperatures, we can make no contribution of a 
positive nature. We can, however, offer reasons for doubting the 
adequacy of one of the agencies which have been proposed, namely a 
fatal rise in the rate of respiratory metabolism. We have already 
called attention to the difference between the effect of temperature con- 
ditioning upon resistance to, heat and its effect upon resistance to as- 
phyxiation by boiled water or by cyanide. 

The former effect was of far greater magnitude than the latter. 
Resistance to heat, as measured by survival time, increased eight-fold 
in the course of one day, and continued to increase quite appreciably 
for some days further. Resistance to KCN, measured in the same way, 
increased about 50 per cent in the first day, and any further increase 
was only detectable statistically. Increase of resistance to asphyxiation 
in boiled water was even less obvious than in the case of KCN, though 
this last fact may have been due to the smaller numbers of fishes which 
we employed. 

There were equally striking differences in the persistence of the 
effects of heat-conditioning upon resistance to heat and to asphyxiation. 
The effect upon heat resistance was very much more lasting, after 
withdrawal of the original temperature conditions, than was the effect 
upon resistance to KCN. (Boiled water was not tested in this con- 
nection. ) 
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Still another difference of interest, already mentioned, concerned 
the relation of size to susceptibility to these lethal agents. As regards 
heat resistance, no difference was found, within rather broad limits. 
In boiled water, on the other hand, the smaller fishes rather uniformly 
died earlier, as might have been expected. Quite unexpectedly, how- 
ever, no such difference was found in experiments with KCN. For 
this we can offer no present explanation. 

It would appear, therefore, that there are at least two distinct proc- 
esses involved in acclimatization to a higher temperature: (1) a regu- 
lative decline in the initially much increased respiratory metabolism ; 
and (2) another change of an unknown nature (either physical or 
chemical), by which the threshold of susceptibility to destructive tem- 
perature is raised. 


SUMMARY 


Fishes (Gillichthys mirabilis) having different temperature histories 
were subjected to KCN, to boiled sea water, and to temperatures high 
or low enough to be lethal. Urethane, an anesthetic, was used in a 
limited number of experiments. The time of death (or of anesthetiza- 
tion) was recorded for each of the fishes (nearly 3,000). Counts of 
respiration were made in a considerable number of cases. 

Death in both KCN and in boiled water was speedy in proportion 
to the temperature, the reciprocals of the times of death forming an 
approximate logarithmic series when plotted against temperature. The 
temperatures used were 10°, 15°, 20°, 25° and 30°. 

In the case of KCN, a low correlation was found to exist between 
the duration of previous acclimatization to high or low temperatures 
and the degree of resistance to KCN at those temperatures. The ab- 
rupt decrease of resistance (increase in metabolic rate), resulting from 
transfer to a higher temperature, was followed by a slight increase of 
resistance which continued for several days. On the other hand, the 
abrupt increase of resistance (decrease in metabolic rate), resulting 
from transfer to a lower temperature, was followed by a slight decrease 
which continued for several days. 

In boiled water, this compensatory trend was only shown after trans- 
fer to higher temperatures. 

When fishes which had been acclimatized to high (30°) and low 
(10°) temperatures were tested in KCN, boiled water or urethane at 
20°, there was a consistent reversal in the resistance of the respective 
lots, the 30° fishes now being much more resistant than the 10° ones. 
These relations continued for several days after transfer to the inter- 
mediate temperature. 
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Death in de-oxygenated sea water was more than 60 per cent slower, 
at the same temperatures, than in KCN solution. 
Acclimatization at .30°, even for brief periods, resulted in a marked 


resistance to the lethal effects of heat. This result was already con- 
spicuous, after a half hour at 30°, and increased, at a diminishing rate 
up to 10 days or more. 

Return to a common temperature of fishes having “cold” and 
‘warm ” histories diminished, but did not annul, the effects of previous 
acclimatization upon heat resistance. Pronounced differences were 
noted in one experiment, after 23 days at the intermediate temperature. 
Interesting relations were pointed out between the period of conditioning 
and the persistence of the effects. 

Acclimatization at 10° increased resistance to lethal cold (1.0°—). 

Fishes kept for alternating periods at 10°, 20°, and 30° (even when 
the 10° periods were twice as long as the 30° ones) were more resistant 
to lethal heat than fishes kept continuously at 20°. Such fishes were, 
however, less resistant to lethal cold than the controls. 

The rate of the visible respiratory movements was much greater at 
20° and 30° than at 10°. There was no certain difference, however, 
between the rates at the first two temperatures. 

Transfer of fishes of “cold” and “warm” history to an inter- 
mediate temperature resulted in the same reversal in relative respiratory 
rates as was found in the case of resistance to KCN, ete. 

The size of the fish appears to have little or no influence upon its 
resistance to lethal heat or to cyanide poisoning. On the other hand, 
it was found that smaller fishes had a more rapid respiratory rhythm, 
and succumbed more rapidly in boiled water than larger ones. 

Acclimatization to higher or lower temperatures brings about two 
classes of effects which seem to be largely distinct from one another. 
One of these concerns increased resistance to the harmful effects of 
heat and cold, when these are used as lethal agents. The second of 
these concerns changes in respiratory metabolism, and therefore in re- 
sistance to oxygen lack, including KCN poisoning. Reasons are given 
for believing that the former effect is not dependent upon the latter. 
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INTERMEDIATE-WINGED APHIDS AND THE TIME-OF- 
DETERMINATION THEORY ! 


KARL A. STILES 


Cor CoLiece, CepArR Rapips, lowA 


Transplantation experiments by Spemann (1927), Mangold (1928), 
and many others have shown that the destinies of different parts of 
vertebrate embryos are fixed at different times in the embryogeny. The 
same technique is not readily open to the investigator of invertebrate 
development, but it has been assumed that there is a similar succession 
of embryonic segregations in these groups. One important genetic the- 
ory, that of Goldschmidt (1931), concerning the nature of intersexes, 
states that they begin development in the manner characteristic of one 
sex, that a physiological change constituting a turning point occurs later, 
and that subsequent embryogeny is characteristic of the other sex. An 
organ which is determined before the turning point is reached will be 
like that of the former sex; one which is determined after the turning 
point will be like that of the latter sex. An individual produced as a 
result of the change postulated above is a time-mosaic of male parts 
and female parts whose embryonic segregations occur at different times 
in development. This concept of development has also been applied to 
intermediates in general and has been termed the time-of-determination 
theory (Shull, 1930). Since intermediates may conceivably be pro- 
duced without any time intervals between the determination of their 
different structures, it is desirable to discover whether such a succession 
of events does occur. 

Intermediates of such a nature that they may be used to test the 
applicability of the time-of-determination theory are not common. But 
when in a species of organism there exist two forms of individuals built 
on the same general structural plan, but differing with respect to recog- 
nizably homologous parts, definite information regarding the time of 
determination of the differential parts can be gained, provided each of 
these forms can be converted by stages into the other. Previous to 
Shull’s (1930) work on aphids, efforts to obtain this information have 
dealt almost exclusively with intersexes which are the product of bi- 
sexual reproduction. The genetic composition of such intersexes is 
presumably variable. Intermediate aphids parthenogenetically produced 
have the advantage of allowing only a minimum of opportunity for the 

1 Contribution from the Department of Zodlogy, University of Michigan, 
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embryonic process to be influenced by genetical variation, and therefore 
insuring that genetic and developmental factors will not be confused in 
the results. 

The test of serial embryonic segregation (embryonic determination ) 
lies in obtaining intermediates by an approach from opposite extremes. 
Shull made such a test on aphids which could be changed from partheno- 
genetic to gamic, and from gamic to parthenogenetic. This change from 
one form to the other results in the production of many aphids which 
are structurally intermediate between the gamic and parthenogenetic. 
If the time-of-determination theory be applicable to the intermediates 
produced, the order in which the structures change should be the same 
in both; but, since in one of the changes a given organ should appear, 
while in the opposite change that organ should be lost, the combination 
of characters in the intermediates produced should be quite different in 
the two cases. In fact, they should be complementary in the complex 
of organs concerned. 

In Shull’s early experiments the combination of characters in the 
aphids obtained by this method were not complementary; the order of 
the change was apparently reversed, while the development of the inter- 
mediate characters was identical regardless of the direction of change. 
To explain these results which appeared to oppose the time-of-determi- 
nation theory, Shull discusses the possibility of a physiological level 
hypothesis as an alternative. According to the physiological level 
theory, the degree of intermediacy might depend upon the state in which 
some physiological property existed at some critical time. If all the 
differentiating structures responded equally to changes in the level of 
this physiological process, the question of the order of determination 
would not arise. All organs would appear to be segregated at the same 
time, or during the same part of the embryogeny. Since, however, one 
structure might respond to a small increase of a hormone, for example, 
so that it became changed, while another less susceptible does not, there 
develops a situation in which a difference in the time of determination 
of these structures may be suspected, although such a difference were 
non-existent. This explanation is opposed to the theory that the time 
of embryonic segregation determines the combination of characters in 
the intermediate individuals. Shull’s (1933) final study of a hetero- 
geneous group of intermediate aphids of the gamic-parthenogenetic 
types showed that about three-fourths fell into categories to which the 
time-of-determination theory was applicable, and nearly one-fourth 
showed irregularities which could not be made to harmonize with this 
theory, or which required shifts in the order of determination of the 
several organs studied. 
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Shull (1937) reports a different type of intermediacy, one in which 
the intermediates are structurally between the winged and wingless 
parthenogenetic forms. The intermediates reported in the present paper 
are of the winged-wingless type. In fact, the intermediates discussed 
here were a part of the 9,152 reported by Shull (1937). 

Shull (1937), after discussing many different possible hypotheses 
which might account for intermediate-winged aphids, states that whether 
intermediates are in any way dependent on the direction of some physio- 
logical change could not be judged from the experimental methods of 
producing them. Then he adds that analysis of the characters of inter- 
mediates will be needed to answer this question. This investigation 
represents an effort to make a more thorough study than one involving 
only external characters to which Shull (1937) confined his studies. 
There are many limitations to this method, for the possible internal 
development of an organ before there is any external evidence may be 
of great importance in explaining the developmental basis for inter- 
mediate-winged aphids. 

The structures involved in intermediate-winged aphids are more 
minute than in the gamic-parthenogenetic intermediates (Shull, 1930) 
which were examined internally by gross dissection. Accordingly, the 
winged-wingless intermediate aphids of this investigation, after their 
external organs were rated, were prepared for histological and cyto- 
logical studies of the internal structures, thus making possible a thor- 
ough analysis of the whole intermediate complex. 


The analysis of the intermediates so studied provides the subject 


matter of this paper, which records attempts to test not only the relative 
merits of the time-of-determination and physiological level theories as 
applied to intermediate winged aphids, but to determine the order of 
embryonic segregation if the time-of-determination theory proved ap- 
plicable ; and to consider other related developmental phenomena. The 
author wishes to express here his great indebtedness to Processor A. 
Franklin Shull under whose direction this work was done. 


Tue Stocks OF INTERMEDIATES 


All aphids used in this study were from stocks which Professor A. 
Franklin Shull had been keeping for several years under laboratory 
conditions. They were from two different strains of the species 
Macrosiphum solanifolii, which have been designated the 1923 and 1931 
(Shull, 1937) stocks. Shull (1937) describes in detail the experimental 
methods used in the production of winged-wingless parthenogenetic 
female aphids. 
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EXTERNAL AND INTERNAL DIFFERENTIATING CHARACTERS 


A complete description of the external characters of typical winged 
and wingless forms of Macrosiphum solanifolii has been given by Patch 
(1915). The winged female differs from the wingless in possessing 
wings, three ocelli on the head, wing muscles in the thorax, extra sen- 
soria on the third segment of the antennze (4-6 in the wingless, 15-18 
in the winged), and dark color in the third segment of the antennz. 
The first three organs named proved of the most critical value for this 
study. 

Internal differences between the winged and wingless are, for the 
most part, correlated in some way with the external distinguishing char- 
acters. The wing muscles of the winged individuals are striated mus- 
cles, both vertical and horizontal in position. The protocerebral lobes 
of the brain to which the ocellar nerves are connected in the winged 
type show greater development than in the wingless forms. No qualita- 
tive or quantitative differences in the “ symbiotic organ” were observed. 
There is a practical difficulty involved in making quantitative compari- 
sons as the number of “ symbionts” gradually decreases with the age 
of an aphid (Uichanco, 1924). 


TECHNIQUE 


Toto mounts of intermediate-winged aphids were of some value in 
comparing the relative development of the median ocellus to the lateral 
ocelli. Of a variety of methods used for this toto mount work, the 
best proved to be fixation in Bouin’s fluid, dehydration with ethyl alco- 
hol, clearing with xylol and mounting in dammar. 

Histological and cytological studies which involve quantitative con- 
siderations necessitate a technique which results in almost faultless 
preparations. If the tissue is to be satisfactory there must be no tearing, 
shattering or distortion. A great many techniques with many variations 
were tried in an effort to obtain the most satisfactory method. None 
of the techniques proved satisfactory until the n-butyl method for animal 
tissues described by Stiles (1934) was used for dehydration and in- 
filtration. Legs, wings, and antennz were snipped off with DeWecker 
eye scissors to facilitate handling and to improve sectioning of the 
aphids. The sections were cut 7 micra and stained with Ehrlich’s acid 
hematoxylin as a nuclear stain and erythrosin for the cytoplasm. 


DESCRIPTION OF INTERMEDIATES 
General Anatomy 


A diagnosis of intermediacy of the winged-wingless aphids has gen- 
s \ £ g g 
erally been based on external features and as a result intermediates of 
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this type have been defined as aphids that have started to develop wings 
but have failed to complete such development. That this is not by itself 
a diagnostic feature of intermediacy is shown by the fact that there is 
histological evidence of internal intermediacy without external wings. 
Nevertheless, the investigation described in this paper is limited almost 
exclusively to intermediates which could be recognized by their wing 
characters, because of the enormous amount of labor involved in making 
histological preparations to identify intermediacy from the internal 
organs. 

The wing character in intermediates is very variable. The partially 
developed wings in an intermediate may vary in development from a 
barely perceptible roughness in the thoracic region to .95 of normal 
development, the latter type being very unusual. Drooping wings was 
a character common to all the seven species of winged intermediates 
described by Baker and Turner (1916), and they considered this due 
to a lack of supporting muscles. While many wings examined by the 
writer were badly crumpled and misshapen, there was no decided 
tendency to droop; and even if there had been, it is doubtful if it could 
have been explained on the basis of a lack of muscle development as 
many intermediates have muscles well developed in proportion to the 
amount of wing. Unusual cases were those in which the wings were 
about one-half developed and would have shown muscle through the 
cuticula of the dorsal thorax but did not because of a degeneration (to 
be discussed later) which destroyed the muscle. Fat globules could be 
seen through the cuticula where muscles would normally have been seen. 

Antennal color may be like that of the winged or wingless, or it may 
be some grade between these extremes (Tables I to IX). The sensoria, 
although variable, are often no greater in number than in the wingless, 


EXPLANATION OF PLATE I 


Fic. 1. Photomicrograph of a transverse section of the head of aphid 1103 
d (4), showing on the left side considerable development internally of the ocellus 
before there is any thickening of the cuticula to form a lens ( X 134). 

Fic. 2. Photomicrograph of a transverse section of the mesothorax of 
P W 48 (1), showing the wing muscle of a fully-winged aphid (X 105). 

Fic. 3. Photomicrograph of a transverse section of the mesothorax of aphid 
1087 g (2), showing the reduced wing muscle of an intermediate ( X 117). 

Fic. 4. Photomicrograph of a transverse section of the mesothorax of 
P 41 (1), a fourth instar winged aphid ( X 88). 

Fic. 5. Photomicrograph of a transverse section of the mesotiorax of 
P 25 (2), a fourth instar intermediate aphid showing degenerating wing muscle 
(X 95). 

Fic. 6. A photomicrograph taken with oil immersion lenses to show the de- 
tail of degenerating wing muscle of a fourth instar aphid, P 25 (3). The light- 
colored tissue in the upper part of the picture is normal muscle. Note especially 
the dark spherical degenerating cells between the muscle masses ( X 917). 
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and uncommonly approach the high degree of development in the winged 
(Tables I to IX). 
Rudimentary ocelli are frequently present in various degrees of 


formation. There are many cases in which no ocelli can be seen ex- 
ternally with either a dissection or compound microscope, but histo- 
logical preparations gave positive evidence of a partly formed structure 
internally (Fig. 1). 

The histological structure of the wing muscle in intermediate aphids 
may be characteristic of that in the typical winged or it may be de- 
generate in varying degrees. Wing muscles (Fig. 2) which in the 
typical aphid occupy so much of the space in the thorax, in the inter- 
mediate (Fig. 3) are usually less extensive. Degeneration of larval 
muscles resulting from histolysis in insects with a complete metamor- 
phosis is well known. But in groups with a paurometabolous (incom- 
plete) metamorphosis there is usually a continuous transformation of 
the internal organs from the immature stages to the adult without his- 
tolysis of muscle or other internal structures. With these well-estab- 
lished facts in mind, one would not expect to find degenerating wing 
muscles in intermediate aphids unless it developed that they possessed 
marked physiological differences from normal types. However, nearly 
one-half of the intermediates studied showed wing muscle with some 
degree of degeneration. This degeneration expresses itself in conditions 
which range from almost complete dissolution of the wing muscle to 
muscle that can be told from normal only with difficulty. The histology 
of this degenerating wing muscle is in some respects unlike that which 
has been described for the histolysis of the wing muscle of the queen 
ant, Lasius niger, by Janet (1907). The degeneration in the ant wing 
muscle takes place soon after the nuptial flight. At the beginning of 
histolysis, striations may be seen in the muscle but they become faint 
and finally disappear. Then the sarcostyles undergo disintegration but 
the nuclei persist for some time. The story of histolysis in wing mus- 
cles of the intermediate-winged aphid differs most from that of the ant 
in that embryonic muscles are involved. 

The earliest stages in which the histolysis has been observed in the 
thoracic muscle of intermediate-winged aphids is the fourth instar. At 
this stage in the normal metamorphosis the wing muscle has about com- 
pleted its development and the muscle generally exhibits the character 
of that of the imago. 

Comparison of a fourth instar with normal muscle (Fig. 4) and a 
fourth instar which shows degenerating muscle (Fig. 5) will indicate 
some of the general differences to be found. The intermediate nature 
of the muscle in Fig. 5 is indicated by the small amount. Both aphids 
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were prepared by a similar technic and stained with Ehrlich’s hema- 
toxylin. The degenerate muscle in Fig. 5 is distinctly basophilic whereas 
the normal muscle in Fig. 4 is decidedly eosinophilic. This basophilic 
nature of muscle is characteristic of the periphery of the developing 
muscle mass of the earlier instars. This might suggest embryonic 
rather than degenerating muscle, but in normal developing muscle, while 
the periphery of a muscle where mitoses are taking place most rapidly 
may be basophilic, the median portion which has earlier become differ- 
entiated is eosinophilic. So in embryonic muscle the differentiation is 
from the center of the muscle mass to the periphery. There are, how- 
ever, instances in which the degeneration of muscle is slight and these 
simulate somewhat the developing wing muscle of early instars. 

Peripheral degeneration is interpreted as a result of the greater sus- 
ceptibility to environmental influences which embryonic cells may show. 
Mottram (1913) with radiation has shown that Ascaris eggs are eight 
times as susceptible during division as during the resting stage. That 
is, there are eight times as many deaths following an exposure made 
during mitosis as during the later period. It has also been observed 
that cancer tissue is much more susceptible to radiation when it is grow- 
ing rapidly than when it is nearly stationary. The last part of the 
aphid wing muscle to remain embryonic is the periphery and if degen- 
eration of wing muscles, as the author believes, is due to an environ- 
mental influence, the peripheral tissue would be most affected. Figure 
6 is a high power photomicrograph of the wing muscle in a fourth in- 
star intermediate-winged aphid showing something of the more detailed 
structure of unusually degenerate muscles. The very dark spherical 
cells, lacking uniformity in size, which are to be seen in the spaces be- 
tween the masses of muscles, are in advanced stages of cell degeneration. 
These cells in the advanced stages of degeneration seen in intramuscular 
spaces were doubtless at the periphery of the muscles shown and were 
least developed when the degenerating influence became effective. It 
may well be that they were more susceptible because of their extremely 
embryonic character. As is seen, these cells stain intensely with hema- 
toxylin. The small amount of light colored muscle in the upper part 
of the picture is normal tissue which had reached the definitive stage 
and was unaffected by whatever influence caused the embryonic cells 
to degenerate. It was noted that not only mature wing muscles, but 
other definitive muscles of the body do not seem to suffer degeneration 
even though there may be marked histolysis of the embryonic muscles 
present. 

Figure 6, in which histolysis is most active, is favorable material for 
studying some of the details of the process of degeneration. A loose- 
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ness of the muscle tissue is apparent, distinct outlines of muscle cells 
may be seen which normally would be so closely crowded together that 
they could not be delimited from one another. In a given mass of 
degenerating muscle the tissue least affected is that farthest from the 
periphery. 

Adult intermediate-winged aphids do not often show as much de- 
generation of wing muscles as is illustrated by Fig. 7. The wing mus- 
cles in Fig. 7 have suffered degeneration to the point where only un- 
striated loosely fibrous strands of tissue crowded with irregular, densely 
staining pyknotic nuclei remain. Bardeen (1900) points out that nuclei 
with a strong affinity for stain are characteristic of degenerating muscle 


Fics. 7-8 


Fic. 7. Photomicrograph of a transverse section of the mesothorax of aphid 
220 e, an intermediate with .6 wing development. The vertical wing muscles are 
loose, fibrous, unstriated strands of tissue, an example of extreme muscle degen- 
eration in the adult ( x 115). 

Fic. 8. Photomicrograph of a transverse section of the mesothorax of aphid 
1063 g (2), with .22 wing development and histologically normal wing muscle 
(X 128). 


in the pig embryo. Associated with the degenerate vertical muscle on 
the right side may be seen a group of either degenerate muscle cells or 
phagocytes distended with muscle debris. Some of the larger of these 


spherical bodies are muscle cells undergoing dissolution, but some of the 


smaller have the characteristics of leucocytes which are filled with di- 
gesting muscle fragments. 

The longitudinal as well as the vertical muscles are involved in the 
degeneration process. The longitudinal muscles have so completely 
degenerated in Fig. 7 that there are only a few degenerate fragments 
left. The question whether a wing muscle degenerates or not depends, 





THEORY OF EMBRYONIC DETERMINATION IN APHIDS 439 


as has been pointed out, chiefly on its stage of development when condi- 
tions for degeneration obtain. The importance of wing muscle degen- 
eration in intermediate-winged aphids in its relation to the time of em- 
bryonic determination of organs will be considered in another part of 
this paper. 

It would be logical to examine the developing wings and ocelli in 
nymphal winged intermediate aphids with degenerating muscles to see 
if they experience any histolysis. If reference is again made to Fig. 5, 
the wing will be found to be reduced in size for a fourth instar and 
there are indications of degeneration. Cells of hypodermis of the lower 
and upper side of the wing, instead of being elongated as in the normal 
developing wing, tend to become spherical in some instances, and show 
a marked affinity for hematoxylin as do the degenerating muscle cells. 
Other disintegrating cells do not become spherical, but the cytoplasmic 
part of the cell can plainly be seen to be breaking down. The wing 
tissue in process of degeneration exhibits a marked affinity for hema- 
toxylin. Degenerate cells are scattered in the space between the upper 
and lower sides of the wing bud. 

From this study of the internal microscopic anatomy of intermediate 
aphids it is seen that there are two distinct anatomical situations, one 
in which the organs concerned with intermediacy are normal in his- 
tology, the other in which at least the wing muscle and developing wing 
bud show more or less degeneration. 


Measures of Intermediacy 


If intermediate aphids owe their intermediacy to a change in em- 
bryonic development from that characteristic of one normal type to 
that of the other type (winged to wingless or wingless to winged), and 
if the differentiating structures are determined at different times, it 
must be expected that these structures would attain different grades of 
advancement in different individuals. These grades of advancement 
are, indeed, the criteria by which the time-of-determination theory must 
be judged. It is necessary, therefore, to have some means of recording 
their degrees of development. Objective methods of measuring struc- 
tures were employed when practicable. To the other characters nu- 
merical values were arbitrarily given, 0 representing the extreme found 
in one form, and 4 the opposite extreme in the other type. This classi- 
fication of the external characters was done on living animals which 
had been etherized. A binocular dissection microscope usually gave 
magnification enough for external examination, although there were 
times when a question arose concerning the presence of an ocellus pri- 
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mordium, and this would be decided with the aid of a compound 
microscope. 

With respect to ocelli, 0 designates a complete absence of ocelli, which 
is typical for the wingless viviparous females; 4, the fully developed 
ocelli of a winged individual; and values between these two extremes 
represent varying degrees of intermediacy. For example, 1 would 


mean ocelli one-fourth developed. 

The light color of the antennae in the wingless female was rated 0, 
and the dark color of the winged as 4, with intergrades between these 
two numbers of 1, 2, and 3. An actual count of sensoria on each an- 
tenna was made; and while there was no effort to distinguish between 
right and left, each was tabulated separately. 

Wings were used in this study as a standard of intermediacy for 
rough classification ; that is, reference to degrees of intermediacy without 
regard to internal structures was based on the amount of wing develop- 
ment. When an aphid is said to possess a low degree of intermediacy, 
it means that there is little wing development although the wing muscles 
might be well developed ; and conversely, when a high degree of inter- 
mediacy is designated, it means that the wing development is relatively 
great irrespective of other structures concerned in intermediacy. The 
wing was chosen as a standard of reference because it is an external 
differential character which can most easily be rated. Wings were 
rated from 1 to .01, the former number meaning that an aphid was fully 
winged, and the latter that the wing was .01 of the normal length. 
Some wings were less than .01 of the length of normal wings; in fact, 
there was a fair-sized group in which the wings were represented only 
by a roughness of the thoracic region where wing buds should appear. 
These in the raw data were termed subintermediates, to indicate a very 
low degree of intermediacy. These subintermediates in Tables I to 
IX, are indicated by a negative sign (—) after .01, as .01 —. 

The degree of internal intermediacy was judged by quantitative 
means. For this work transverse serial sections were found most suit- 
able. Measurements of all the internal differential organs were taken 
with an ocular micrometer. In rating the ocelli, the diameter was first 
measured and then the number of sections counted. 

The wing musculature in transverse sections (Fig. 2) consists of 
two inner and two outer vertical muscles, together with what appears 
to be a single rectangular mass of longitudinal muscles divided by a 
median fissure. Only the maximum width of the inner and outer ver- 
tical muscles was measured, but the total area of the longitudinal muscles 
was computed from measurements of both width and height. A record 
of the total number of sections containing vertical wing muscles was 
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made. The final quantitative rating of the wing muscle development 
was based largely on the width of the vertical muscles, for the correlation 
between width of muscle and number of sections was close enough to 
make the latter measurement of value largely as a check on the former. 
A careful comparison of the longitudinal and vertical muscles revealed 
that the longitudinal, proportionately, were consistently less developed 
than the vertical in intermediate forms. Because the correlation be- 
tween the two sets of muscles proved to be rather constant, little was 
to be gained by using the longitudinal muscles as a quantitative measure 
of intermediacy. That there might be a close correlation between these 
two groups of muscles seemed probable from a study of their develop- 
ment in the early embryogeny of the aphid, for it was learned that both 
appear at about the same time. At least, when the vertical muscles 
were found the longitudinal were always present, and both showed 
about the same relative development. This made it doubtful whether 
there was a difference in the time of determination for these two dif- 
ferent sets of muscles, although there could be. 

The differential characters which proved of greatest worth as meas- 
ures of intermediacy in this investigation were the wings, ocelli, and 
wing muscles, and consequently these were most carefully rated. After 
the raw data on these structures had been obtained they were compared 
with the mean for the same organs in what were considered typical 
winged individuals. In tables of these values the development of these 
differentiating structures is expressed in percentages. 

By means of the differentiating characters described above, a diag- 
nosis of the intermediates of this study is made with the results pre- 
sented in Tables I to IX. The data are grouped according to conclu- 


sions to be drawn, but for the present this may be ignored. The 
reasons for so arranging the data that conclusions are anticipated is 
that it saves repeating this material in a general table. 


Expected Composition of Intermediates Under Various Suppositions as 
to Order of Determination and Direction of Change 


As seen above, Goldschmidt has applied the time-of-determination 
theory to intersexes. In accordance with that theory, organs which 
are the first to be changed in successive offspring must be the latest to 
be determined in development, while the latest to change in successive 
offspring are the earliest to be determined. The order. of embryonic 
segregation is the reverse of the order of modification in successive 
offspring. If this theory is applicable to intermediate aphids produced 
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during a transition from winged to wingless or wingless to winged, then 
it should be possible to determine the order of segregation if the direc- 


tion of change is known. 

Whether the time-of-determination theory is correct in a given 
instance cannot be proven by finding that all characters of the two 
types of individuals change simultaneously. In fact, such a circum- 
stance would make possible the supposition that there was no difference 
in the time of determination of the different organs. But even though 
several structures did appear at the same time in the embryo, the pos- 
sibility remains that they may not all have been determined at the same 
moment, as there could be a difference in the intervals between the time 
of physiological determination of two or more organs and their mor- 
phological appearance, and that difference might make possible their 
simultaneous appearance in development even though their determina- 
tions coincided in time. Nor is the time-of-determination theory con- 
firmed by the discovery that certain characters change in earlier offspring 
than do others. If intermediates that are near to the one extreme type 
always possess a given set of characters, and those near the other ex- 
treme type always have another set of characters, these facts furnish no 
support to the time-of-determination hypothesis. What is needed to 
prove the theory is to demonstrate (1) that when the intermediate con- 
dition is approached from one of the extremes, the changes in successive 
offspring shall take place in a definite order, and (2) that when the 
intermediate condition is approached from the opposite extreme the 
same order of change shall occur. 

Whether the conditions necessary for confirmation of the time-of- 
determination theory are met in a given case of intermediacy can be 
tested by (1) considering all the possible types of individuals that would 
result from all conceivable orders of determination of the several dif- 
ferentiating structures concerned in intermediacy, and (2) tabulating 
the data on the quantitative development of each differentiating struc- 
ture in all the intermediates obtained. Then test which assumption each 
intermediate best fits. If more intermediates fit one assumption than 
others, that assumption is favored. With three different organs (wings, 
ocelli, andewing muscles) to be considered there are six different pos- 
sible orders of embryonic determination which are shown below in the 
diagram as numbered assumptions. The order of determination is 
indicated by the arrows, that is, in I the wings are determined first, then 
wing muscle, and the ocelli last. 
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Six different possible orders of determination for three differentiating organs 


Assumption I. Wings Wing Muscle — ~3 Ocelli 
Assumption II. Ocelli Wing Muscle — > Wings 
oad 


Assumption III. Wing Muscle Ocelli Wings 
Assumption IV. Wings Ocelli Wing Muscle 
Assumption V. Ocelli Wings Wing Muscle 
Assumption VI. Wing Muscle Wings Ocelli 


For a given order of determination there will be a number of inter- 
grades as illustrated below in Assumptions IV A and IV B. The “A” 
part of Assumption IV shows the various kinds of intermediate-winged 
aphids which would be produced as a result of a change from winged 
to wingless forms, with the order of determination wings, ocelli and 
wing muscle. Assumption IV B indicates the different kinds of inter- 
mediate-winged aphids produced with the same order of determination 
as in Assumption IV A, but during a transition from wingless to 
winged types. The third intermediate from the top of Assumption 
IV A would deviate from a normal winged individual by possessing 
normal wings, slightly reduced ocelli and much reduced wing muscle. 
If a detailed chart of each of the six assumptions is made out and then 
an attempt is made to determine which of the six possibilities for em- 
bryonic determination each intermediate best fits, it is obvious that each 
intermediate form will fit equally well two of the possibilities, depending 
on the order of determination, as will be illustrated later. If more 
intermediates fit one assumption than others, that assumption is favored. 
The above procedure was followed with the intermediate-winged aphids 
of this investigation. Three structures, wings, ocelli and wing muscles, 
showed enough intergradations in development to make them satis- 
factory for such a study. As previously stated, an effort was made to 
discover to which one of the six different possible orders of embryonic 
determination the intermediate-winged aphids of this research tabulated 
in Tables I to IX best conformed. 

It will be seen that for each possible order of embryonic segregation 
there are two ways in which the characters may be combined, depending 
on the direction of change. The diagrams below illustrate the different 
combinations of intermediate characters as they occur in different 
winged-wingless aphids for selected assumptions. Each diagram shows 
a complete transition from typical winged to wingless forms or vice 
versa. Read from left to right to determine the nature of any given 
intermediate. 

If the transformation is from winged to wingless with the order of 
determination wings, ocelli and wing muscle, Assumption IV A, the 
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wings would be most developed, the ocelli less, and the wing muscles 
least. If, however, the transition is from wingless to winged with the 
order of determination the same as in Assumption IV, then the wings 
will be least developed, the ocelli more, and the wing muscle most as 
shown in Assumption IV B. Thus it is possible to have two graduated 
series, one showing intermediates resulting from a change from winged 


AssuMPTION IITA REGARDING TIME OF DETERMINATION 


Direction of change—winged to wingless 





Combinations of intermediate characters 





Wing Muscle —> Ocelli — > Wings 

Normal Normal Normal 

Normal Normal Slightly reduced 
Normal Slightly reduced Much reduced 
Slightly reduced Much reduced Very much reduced 
Much reduced Very much reduced None 

Very much reduced None None 

None None None 


AssuMPTION IIIB REGARDING TIME OF DETERMINATION 


Direction of change—wingless to winged 


Combinations of intermediate characters 


Wing Muscle —> Ocelli — > Wings 


None 

None 

None 

Slightly developed 
More developed 
Highly developed 
Normal 


None 

None 

Slightly developed 
More developed 
Highly developed 
Normal 

Normal 


None 

Slightly developed 
More developed 
Highly developed 
Normal 

Normal 

Normal 





AssuMPTION IVA 


Direction of change—winged to wingless 


REGARDING TIME OF DETERMINATION 


Combinations of intermediate characters 





—> Ocelli — > Wing Muscle 
Normal Normal Normal 
Normal Normal Slightly reduced 
Normal Slightly reduced Much reduced 
Slightly reduced Much reduced Very much reduced 
Much reduced Very much reduced None 
Very much reduced None None 
None None None 
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AssuMPTION IVB REGARDING TIME OF DETERMINATION 


Direction of change—wingless to winged 





Combinations of intermediate characters 


Wings —> Ocelli — > Wing Muscle 
None None None 

None None Slightly developed 
None Slightly developed , More developed 
Slightly developed More developed Highly developed 
More developed Highly developed Normal 

Highly developed Normal Normal 

Normal Normal Normal 


to wingless, and another including totally different kinds of intermediates 
when the change is from wingless to winged. The aphids of these two 
series, Assumptions IVA and IVB, are complementary in their com- 
position ; that is, in one the wings are large, in the other small, and the 
same relationship holds for the other structures. Figures 7 and 8 pic- 
ture this complementary condition in the wing muscles; Fig. 7 is an 
intermediate with wings .60, and degenerate wing muscle .03 developed, 
while Fig. 8 is rated with wings .22 and non-degenerate wing muscle .66. 

As indicated above, any intermediate aphid should fit equally well 
two of the six assumptions for different orders of determination because 
an intermediate of a structural composition that should result from an 
assumed order of determination, such as wing muscle, ocelli, wings, 
Assumption III B, could also result from the reverse order of deter- 
mination, wings, ocelli, wing muscle, Assumption IV A, if the direction 
of change were reversed. The above-mentioned assumptions illustrate 
this, for the composition of an aphid which fits Assumption III B is 
identical with one which fits Assumption IV A. In other words, an 
intermediate produced as a result of a transition from winged to wing- 
less in Assumption IV A is the same in composition as one resulting 
from a conversion from wingless to winged in Assumption {II B. 
Hence, all that is shown by such a classification and testing of data 
would be that the order of determination was one of two possibilities, 
one the reverse of the other, and unless the direction of change is known 
the elimination of one of these possibilities is out of the question. 

It was not known from the conditions under which these inter- 
mediate-winged aphids were reared’ whether a given intermediate was 
produced as a result of change from winged to wingless or the reverse. 
Unlike the gamic-parthenogenetic intermediates found by Shull, there 
was no gradual change from one type to the other. Shull found it 
possible to get stocks producing mostly gamic females and then effect 
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a gradual change to parthenogenetic types with many intermediates ap- 
pearing during the change. Presumably the intermediates produced 
under these conditions were the result of a gamic-to-parthenogenetic 
change. In the experiments in which intermediate-winged forms ap- 
peared there were usually both winged and wingless aphids with a few 
intermediates. Several females were placed on one plant and one aphid 
might be giving birth to offspring which were intermediate as the result 
of change in one direction while another could be producing inter- 
mediates as a result of change in the opposite direction. And even if a 
female were to be reared in isolation on a plant, little could probably be 
told about the direction of change which resulted in intermediacy for 
the winged and wingless offspring occur in a very erratic manner 
through the family. It is also conceivable that in a given experiment 
an aphid could produce intermediate offspring as the result of a change 
in one direction at one time, and other intermediates from the opposite 
direction of change at another time. If this occurred there would be 
no way by which the direction of change could be detected from the 
daughters. Shull (1928, 1929) has shown that light and temperature 
modify the development of wings but these agents cannot be relied on 
to change the course of development in all individuals in the strains now 
available which are producing the intermediates. Thus it will be seen 
that the experiments themselves afford no reliable method whereby the 
direction of change can be ascertained. 

However, this investigation has revealed what is considered to be 
a means of deciding the direction of change which results in interme- 
diacy. As has been stated above, there were found to be two different 
classes of intermediates based on internal structures, namely, (1) those 
with histologically normal wing muscles and (2) those with degenerative 
wing muscles. It is postulated by the author that degenerate muscles 
are the consequence of a transformation from winged to wingless forms. 
Development is assumed to have begun with factors favoring wing 
production dominant, then a physiological change taking place which 
not only inhibited further development of characters associated with 
wings, but brought about more or less degeneration of the wing muscle 
already produced. When a change takes place in the opposite direction, 
that is, a conversion from wingless to winged, there is no degeneration 
of the organs of the winged type because in this transition the physiology 
changes from one in which those organs are not present to one which 
favors their development. With conditions favorable for the produc- 
tion of the structures characteristic of winged females, these organs 
undergo normal histological development. The facts are that about 56 
per cent of the intermediates of this investigation were characterized 
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by normal muscles, while about 44 per cent possessed degenerate muscles. 
This interpretation of the two classes of intermediates based on the 
nature of wing muscle affords a means of determining the direction of 
change in a given individual so that it is possible to classify each as the 
result of a conversion from winged to wingless or wingless to winged. 
In Tables I to IX inclusive, all aphids listed under the “ A ” assumptions 
possess degenerate wing muscles; all those listed under the “B”’ as- 
sumptions are wingless-to-winged transformations. 

By a study of these Tables (I to IX inclusive) the conclusion that 
normal and degenerate wing muscles are correlated with some direction 
of change is deduced from the way in which the tabulated material fits 
the various assumptions. If degeneration of muscles were a purely 
fortuitous phenomenon, with one aphid as likely as another to be af- 
fected regardless of the direction of transformation producing inter- 
mediacy, every Assumption “A,” of which there are six, should in- 
clude some intermediates, which according to the conditions of their 
classification would possess degenerate muscles. This expectation is 
not realized. Moreover, Assumptions III and IV are complementary 
as discussed above, and about 50 per cent of the aphids of this inves- 
tigation conform to Assumption IV B; yet there is not an aphid to be 
found conforming to its complementary Assumption III A. If degen- 
eration of wing muscle were determined by mere chance, it would seem 
very probable that some of the aphids classified in Assumption IV B 
would have come under the influence causing muscle degeneration, thus 
changing their classification to Assumption III A. The converse of 
this statement is equally true; if the wing muscle in intermediates 
postulated to be changing from wingless to winged were decided only by 
chance, there should also be aphids which would fit Assumption III B; 
but none were found. There seems no other way to explain why aphids 
with the intermediate characters of Assumption IV B, normal muscle, 
should not have possessed degenerate muscles which would fit them to 
Assumption III A except that normal muscle is associated with a cer- 
tain direction of change which is here postulated to be from wingless 
to winged. Thus it will be seen that the histological character of inter- 
mediate-winged aphids is correlated with direction of change. Whether 
it means a winged-to-wingless or wingless-to-winged transition depends 
on the correctness of the theory that degenerating muscles result from 
a change in physiology to which the immature wing muscles are sus- 
ceptible. 

This method of establishing the direction of change which results in 
intermediacy makes it possible to eliminate one or the other of Assump- 
tions III and IV which are complementary as far as the development 
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Tasies I-IX 


Tables I, II, III, IV, V, VI, VII, VIII and IX contain the data regarding the 
development of the differentiating organs of intermediacy of winged-wingless 
aphids. The data are arranged, in so far as possible, to fit the various assumptions 
made. 


TABLE | 


Composition of intermediate aphid fitting Assumption I A. Order of determina- 
tion: wings—>wing muscle—ocelli. Change from winged to wingless. Degenerate 
wing muscle. 





Characters to which Assumption I A is fitted 


Number of Antennal 


lide No sensoria color 


Wing Wing muscle Ocellar 
length development development 





1196. (7)..... 50 | 49 | Al | 5-6 





TABLE II 


Composition of intermediate aphid fitting Assumption I B. Order of determina- 
tion: wings—wing muscle—ocelli. Change from wingless to winged. Normal 
wing muscle. 


Characters to which Assumption I B is fitted 


| Number of Antennal 
| sensoria color 





Wing Wing muscle Ocellar 
length development development 





seme @)........... .03 .28 | 35 5-4 





TABLE III 


Composition of intermediate aphids fitting Assumption II A. Order of de- 
termination: ocelli—wing muscle—wings. Change from winged to wingless. De- 
generate wing muscle. 





Characters to which Assumption II A is fitted 


sos . Number of Antennal 
Slide No. 7 
: ia sensoria color 
Ocellar Wing muscle Wing 
development development length 











1083 (1)..... 35 .23 1S 4-8 
35 16 10 6-7 
.23 .20 10 6-8 
15 12 .08 5-5 
38 .06 OS 5-6 
23 .08 .04 6-5 
| ee 22 .20 02 7-7 
905 b (4) oa 35 16 02 10-5 
905 b (5)..... 35 33 .02 10-5 
35 .20 01 44 
17 16 01 5-5 
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TABLE IV 


Composition of intermediate aphid fitting Assumption II B. Order of determi- 
nation: ocelli—wing muscle—wings. Change from wingless to winged. Normal 
wing muscle. 





| Characters to which Assumption II B is fitted 
| Number of Antennal 


Slide No. 
lide N sensoria color 


Ocellar | Wing muscle Wing 
development development length 





490g (1).......| 66 | 91 | 95 





TABLE V 


Composition of intermediate aphids fitting Assumption IV A. Order of determi- 
nation: wings—ocelliwing muscle. Change from winged to wingless. Degenerate 
wing muscle. 








Characters to which Assumption IV A is fitted 





Slide No. Number of Antennal 


Wing Ocellar Wing muscle om color 


length development development 





1.00 95 .90 
285 e (2)....... .80 .59 2 
285 e (1). .80 No sections .23 
of head 
.80 35 .08 
75 50 49 
15 AT .12 
1196 c (2)..... .70 47 .28 
428 d (2) .70 59 45 
235 b. 65 59 57 
296 b (3) .60 46 .08 
'e@)...... .60 46 .28 
ee .60 46 .06 
.60 46 .03 
1085 g (1)......| .60 46 Al 
1196 c (11)..... .60 Al .23 
488 d (2).......| 50 46 Al 
.50 35 01-— 
a .50 46 25 
.50 46 16 
40 33 .08 
.40 33 08 
vam 40 33 .16 
a 35 .23 O1-— 


wmeoorocooocoororK Ow 























Composition of intermediate aphids fitting Assumption IV B. 
nation: wings—ocelli—wing muscle. 


wing muscle. 


Slide No. 


1168 a 
472 c (12) 
1061 e (1) 
307 a (10) 
472 c (3) 
1196 c (4) 
597 d (6) 
1196 c (1) 
44c (2)... 
1077 a 
905 b (3) 
1063 g (2) 
414c i 
472 ¢ (1) 
1087 g (1).. 
1174 c 
1097 f 
717 b 
1015 f 
472 c (4) 
44 c (3) 
472 c (8) 
895 d. 
267 d ; 
597 d (1) 
472 c (14) 
589 d (3). 
44 c (1) 
44 c (4) 
589 d (4) 
597 d (2) 
569 d (3) 
295 c (2) 
905 b (1) 
569 e (1) 
1111 a (1) 
1063 g (1) 
1035 d (9) 
1079 g (3). 
1079 g (4) 
1079 g (5) 
1079 ¢ (6) 
1079 ¢ (7) 
1035 d (1) 
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TaBLe VI 


| Characters to which Assumption IV B is fitted 








Wing 
length 


.60 
.60 
50 
.50 
40 
40 
35 
30 
2s 
.25 
25 
22 
.20 
.20 
.20 
12 
10 
10 
10 
.09 
.08 
OS 
04 
04 
.04 
.03 
.03 
.03 
.02 
02 
.02 
.02 
.02 
.02 
.015 
01 
01 
01 
O01 
O01 
01 
01 
01 
01 





Ocellar 
development 


71 
71 
.94 
59 
46 
46 
46 
46 
46 
71 
35 
46 
35 
46 
46 
35 
71 
59 
59 
35 
35 
35 
23 
ll 
11 
3S 
.23 
.23 
35 
33 
.23 
.23 
ll 
35 
.23 
.23 
.23 
.20 
.23 
.23 
.28 
17 
.23 
.23 





Wing muscle 
development 


83 
74 
.99 
74 
.90 
.66 
.83 
58 
49 
74 
45 
66 
63 
57 
62 
Al 
.99 
70 
.00 
.66 
46 
49 
37 
.23 
33 
42 
42 
42 
40 
62 
33 
25 
25 
49 
an 
33 
41 
33 
37 
37 
Al 
37 
.28 
.28 





Number of 
sensoria 





Order of determi- 


Change from wingless to winged. Normal 


Antennal 
color 


coooococorj 
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TABLE VI (continued ) 
Composition of intermediate aphids fitting Assumption IV B 





Characters to which Assumption IV B is fitted 


Wing Ocellar Wing muscle 
length development development 





589 d (8)....... 01 28 37 
589 d (7)....... 01 23 29 
589 d (S)....... 1 17 29 
1103 d (1)...... 01 23 37 
1103 d (3) 01 23 37 
1103 d (4) 01 23 33 
1103 d (5)...... 01 35 49 
1087 g (2). 01 23 Al 
1085 d (8)...... Al 37 
1035 d (6)...... 23 33 
1035 d (7) ae 33 
1035 d (5)...... Al 23 
307 a (7)....... 46 58 
59 74 
70 72 
82 91 
307 a (3)....... 58 66 


i | 
aso 


> 


| 
ronn 





Ym MH  & Oo mr a 


be 





eee? 
© ann 


_ 
w 











TABLE VII 


Composition of intermediate aphids fitting Assumption V A. Order of determina- 
tion: ocelli—~wings—wing muscle. Change from winged to wingless. Degenerate 
wing muscle. 





Characters to which Assumption V A is fitted 


Slide No. ——_— eee | Number of Antennal 


. . sensori color 
Ocellar Wing Wing muscle ” ™ 


development length development 





.94 45 33 5-9 
35 30 01-— 6-7 
ao .20 01- 6-7 
59 .20 01-— 6-6 
23 AS 01-— 5-7 
35 aS 01-— 

23 10 .08 5-7 
46 10 01- 5-5 
35 10 O1-— 

.23 .06 01-— 

.23 05 .03 

.23 05 .04 

11 .03 01- 

ll .02 01-— 

35 02 01— 














KARL A. STILES 


TaBLe VIII 


Composition of intermediate aphids fitting Assumption V B. Order of determina- 
tion: ocelli-wings—wing muscle. Change from wingless to winged. Normal 
wing muscle. 





Characters to which Assumption V B is fitted 





Slide No. . Number of Antennal 


” | om sensoria color 
Ocellar Wing Wing muscle 


development length development 





1091 d (1)......| 47 70 83 
1091 d (2)... AT .70 86 
589 d (2)..... 59 60 67 
1089 g... 33 45 58 
597 d (5) | 33 40 49 





TABLE IX 


Composition of intermediate aphids not fitting any time-of-determination 
assumption. Degenerate wing muscle. 


Characters to which no Assumption is fitted 





Slide No. Number of Antennal 


Wing Ocellar Wing muscle satelite cotes 


length development development 


40 40 33 5-6 
0i1— 23 01— 
.01— 11 01-— 
.01— 23 .01— 





of the several organs is concerned. For example, aphids conforming 
to Assumption III B show the same composition as those conforming 
to Assumption IV A; they differ only in the direction of change as 
established by the histological character of the wing muscle. In As- 
sumption III B, the change is from wingless to winged; in Assumption 
IV A it is from winged to wingless. If degenerate muscles are con- 
sidered the result of a change from winged to wingless, an individual 
with a given composition fitting equally well both Assumptions III B 
and IV A would be placed in IV A if the muscles were degenerate. 
There is one outstanding piece of evidence that degenerate wing muscles 
do indicate a transition from winged to wingless aphids. Comparing 
the first few aphids tabulated in Tables V and VI, it will be observed 
that the wing development is what one would expect if the wings were 
determined first as here proposed. At the top of Table V (winged to 
wingless) is listed an intermediate with fully developed wings, which is 
possible if wings are determined before wing muscles, but could not 
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occur if muscles were determined before wings. On the other hand, 
the first aphid listed in Table VI (wingless to winged) shows only .6 
of normal wing length. It is probably not without significance that 
the first few aphids listed in Table V show considerably more wing 
development than the first few listed in Table VI. If wings are deter- 
mined first, then in a winged-to-wingless transition the wings might be 
expected to show on the whole more development than in a wingless-to- 
winged change. The other possibility would be to postulate that wings 
are determined last, which does not fit the facts, as such an hypothesis 
would rule out the combination of fully developed wings and reduced 
wing muscle. More than that it is hardly conceivable even in an aphid 
with the composition shown by No. 285 e (2), Table V, wing length .8, 
ocellar development .59, and wing muscle development .12, that wing 
muscle could have been determined first, which the alternative theory 
would require. Thus all available evidence points to the conclusion 
that wings are determined before wing muscle, and that degenerate 
wing muscle characterizes a transformation from a winged to a wingless 
aphid in development. 

So far in this paper no attempt has been made to prove that the 
ocelli are segregated at a time between the wings and wing muscles. 
Some evidence for this position of the ocelli in the order of determina- 
tion is available. To arrive at this evidence it will be helpful to show 
what would occur in the event that ocelli were determined between wing 
and wing muscles at an arbitrarily set time. In the chart below it is 
assumed that the order of determination is wings, ocelli, and wing 
muscle. There is also the assumption made that no overlapping in times 
of segregatior® for the several organs occurs. The times indicated are 
purely hypothetical as nothing is known about the actual time involved. 


A, 


Change from winged to wingless 


Wing determination Ocellar determination Wing muscle determination 


So 2:30 o’clock. Change. 3:00 o'clock 
to wingless 
Fully developed............One-half developed No development 


B. 
Change from wingless to winged 


Wing determination Ocellar determination Wing muscle determination 


1:00 o'clock 2:30 o'clock. Change 3:00 o'clock 
to winged 
No development One-half developed Fully developed 
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The ocelli in A are only one-half developed because a change in 
physiology unfavorable to their development took place when they were 
only half segregated in the embryogeny. In B the ocelli are only one- 
half developed because a change in physiology which made their devel- 
opment possible in the embryogeny did not occur until the period of 
determination was half completed. 

From this illustration it is evident that under the conditions postu- 
lated, the ocelli may not be very different in amount of development in 
two aphids derived from opposite directions of change, but the wings 
and wing muscles would show a considerable difference. If. again 
Tables V and VI are compared it will be found that the facts conform 
to the theory. For example, Table V, slide 285 e (2), wing length .80, 
ocellar development .59, wing muscle development .12, compared with 
Table VI, slide 307 a (10), wing length .50, ocellar development .59, 
wing muscle development .74, shows exactly the same relationship as 
illustrated above. Not all of the aphids fit the conditions as perfectly 
as the ones drawn for illustration but the general trend is clearly the 


same. 
Thus the facts support the theory that of the three organs, wings, 
. . . . . . \ . 
ocelli, and wing muscle, the ocelli are median in the time of embryonic 


segregation. 

If the time-of-determination theory were perfectly applicable to in- 
termediate-winged aphids, and the intermediates were to be classified 
according to the assumptions of Tables I to IX inclusive, which are 
based on the time-of-determination theory and the direction of change 
established by the character of the muscle, then all intermediates would 
meet the conditions which parts “A” and “B” of ope assumption 
entail. Examination of Tables I to IX, which are an attempt to dis- 
cover the applicability of the time-of-determination theory when the 
foregoing conditions are imposed, shows that the material does not all 
fit any one assumption. However, Assumption IV is applicable to about 
69 per cent of the aphids of this research. Other assumptions which 
are applicable to intermediates are I (2 per cent), II (10 per cent), and 
V (16 per cent). This would suggest that the time-of-determination 
theory has at least a limited applicability to the development of inter- 
mediate-winged aphids. In fact, the large percentage conforming to 
this scheme probably means that the assumption that the composition of 
intermediates is determined by the times of embryonic segregation of 
their differential structures is in a general way correct. Were there no 
such relation between the organs of intermediacy a much smaller pro- 
portion of intermediates should be of the composition shown in Tables 
V and VI. As previously stated, there are 6 conceivable assumptions 
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for these intermediates. If the combinations were entered into at ran- 
dom only one-sixth of them should be of the kinds listed in Assumption 
IV (Tables V and V1). Their actual numbers are over four times 
this expectation. 

Besides the 84 intermediates which conform to a single assumption 
regarding times of determination (Tables V and VI), there are 34 
which fit other assumptions (Tables I, II, III, IV, VII, and VIII), 
and 4 that could not be classified under any one of these schemes (Table 
IX). It will be noted concerning these aphids not meeting the condi- 
tions of Assumption IV that most of them have been placed in another 
assumption due to the fact that they appear to show a shift in the time 
of determination of the ocelli. In most instances the development 
indicates a determination of ocelli before wings, while in two cases the 
amount of ocellar development indicates their determination after the 
wing muscles. This variation of the indicated time of determination 
of the ocelli in both directions suggests again that the usual time of 
segregation is between the wings and wing muscles. 

The simplest explanation of the irregularities in the order of deter- 
mination found in Tables I, I], III, [V, VII, and VIII, after eliminating 
certain possible errors, is to postulate that there actually is variation 
in the time at which segregation takes place. The variation on at least 
a few occasions is so great that the time when the wings are determined 
is changed from the first of the three to the last. However, of particular 
interest is the fact that in all of the material studied not one case was 
found in which wing muscles were indicated to be determined first. It 
may be significant that there are far more individuals in which there was 
a change in the usual time of determination of only two structures as 
contrasted with those in which the position of all three was disturbed. 
For it would seem reasonable if this explanation is correct that slight 
irregularities would occur more frequently than those which involved 
more radical departures from the usual. The small group of four aphids 
(Table IX), in which two organs are of about the same development are 
exceptional individuals in which a change in the time of segregation of 
only one structure may have caused the irregularity. That the time 
of determination is not an unalterable fixed thing is shown not only by 
these irregular classifications, but in Tables V and VI, to which the 
intermediate group as a whole best conforms, there is considerable 
variation athong the individuals listed. 
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AN INTERPRETATION OF THE COMBINATIONS OF CHARACTERS IN 
INTERMEDIATE APHIDS BASED ON THE PHYysSI- 
OLOGICAL LEVEL THEORY 


Inasmuch as the combinations of characters in the intermediate 
aphids of this report do not conform perfectly to the time-of-determina- 
tion theory, an analysis based on the physiological level theory would 
seem indicated. It will be remembered from an earlier statement that 
this theory postulates that the degree of intermediacy depends upon the 
state of some physiological process during development. It could de- 
pend on the quantity of some substance (possibly a hormone) present 
during the embryogeny. If all the differentiating structures reacted 
to exactly the same extent to a given quantity of this substance, or to 
the “level” of this physiological process, there would not appear to 
be a linear order of determination; all structures would give evidence 
of having been determined at the same time, or during the same part 
of the embryogeny. According to this theory without modification, 
when a given degree of intermediacy in one structure occurs, each other 
organ should show a definite degree of intermediacy. For example, if 
one intermediate at a given physiological level shows .1 wing, .2 ocellar, 
and .4 wing muscle development, every intermediate with .1 wing de- 
velopment should have the same grade of ocellar and wing muscle 
development. If, however, wings start development at a given physio- 
logical level, let us say when there is a certain concentration of a sub- 
stance, while ocelli and wing muscles do not, there arises a situation in 
which a difference in the time of determination of these organs is sur- 
mised, although such a difference may not exist. In other words, there 
may be a difference in the threshold of stimulation of the intermediate 
structures causing their appearance in different degrees. This explana- 
tion denies any importance to differences in the time of embryonic 
segregation of differentiating parts. There could be such differences 
even if there were a difference in the threshold of stimulation of the 
several organs, but it would not be the differences in time of determina- 
tion of the different parts that would determine the composition of 
intermediate individuals, rather it would be the differences in the thresh- 
old of stimulation of the differentiating parts. 

A casual examination of the tables of intermediate-winged aphid 
data indicates at once that the physiological level theory without modi- 
fications is not applicable to these aphids, for there is apparently no con- 
stant relationship between the degrees of development of the several 
structures such as this theory requires. But if it is assumed that there 
is a difference in the threshold of stimulation of the several organs in dif- 
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ferent individuals then there should be a difference in the development 
of a given structure in different intermediates. If Tables V and VI, 
which include nearly 70 per cent of the material of this investigation, 
are studied, it will be found, to take a typical example from Table V, 
slide 1196 c (11), that wings are .6, ocelli .41, wing muscle .23 in de- 
velopment. This would mean, according to the physiological level hy- 
pothesis, that the wings possessed a lower threshold of stimulation than 
either of the other two structures. Now if a comparison is made with 
Table VI, slide 1168 a, in which the wings are .6, ocelli .71, and wing 
muscle .83 developed, it will be seen that in this case the wing muscle 
would have to possess the lowest threshold of stimulation, ocelli the 
next lowest, and the wings the highest. It will be noted in the latter 
illustration there is required a reversal of the order of relative levels in 
the thresholds of stimulation of the several structures; the threshold 
of stimulation of the wings in the second illustration is highest, whereas 
in the first illustration it was lowest. Thus, if this proposal of a varying 
threshold of stimulation is offered as a modification of the physiological 
level hypothesis in explanation of the combination of characters in the 
majority of intermediates in this work, it is necessary to postulate not 
only that the threshold of stimulation is different in different organs 
for the same individual, but that it is different for the same organ in 
different individuals, and that for most intermediates there is an alter- 
nating though definite order in which the threshold of stimulation varies. 
Other aphids which do not conform to Tables V and VI would necessi- 
tate the assumption of an order in which the thresholds of stimulation 
in the several organs vary. It is conceivable that the thresholds of 
stimulation could vary for the several structures in different aphids in 
such a manner as to produce a series fitting the time-of-determination 
scheme, but it seems highly improbable that at one time the threshold 
would so vary as to give individuals of a composition that would con- 
form to the winged-to-wingless direction of change and at another time 
individuals of such a composition that they would fit a wingless-to- 
winged direction of change. The difficulties involved in making this 
assumption provide the greatest objection to this hypothesis. 


DiIscussION 


With the exception of the work of Shull on aphids, most of the 
previous investigations concerning intermediacy in insects have dealt 
with intersexes, that is, forms intermediate between the male and female 
of the species. The chief contributor in this field has been Goldschmidt 
(1931), who, in an analysis of intersexuality of the gipsy moth, Ly- 
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mantria dispar, considers intersexuality in these moths as depending 
chiefly on general sex genes. 

The intermediacy of aphids which has been a subject of considerable 
study at the University of Michigan is in sharp contrast in some re- 
spects to that of the moth reported by Goldschmidt. In the first place, 
the type of intermediacy which we have studied in aphids is not an 
intersexual phenomena, for we are dealing with only one sex. Secondly, 
it is highly improbable that it is due to a quantitative genic influence 
as postulated for Lymantria, for the aphids of this research were all 
parthenogenetic females, and in a parthenogenetic line there is a mini- 
mum of opportunity for genetical variation. Certainly the differences 
in individuals of a single strain of a parthenogenetic species are less 
likely to result from genetical causes than in an animal which repro- 
duces bisexually as in the gipsy moth where different geographical 
races were involved in the crosses. Inasmuch as it has been found pos- 
sible by modification of the environment to change the percentage of 
winged to wingless aphids, it would seem probable that intermediacy 
was due to some physiological state induced by environmental factors. 
However, Goldschmidt’s assumption that embryonic determinations oc- 
cur at different times in development does with modifications seem ap- 
plicable to aphids, as has been discussed above. Modifications from a 
perfect application of the time-of-determination theory to aphids are 
necessary because the data from intermediate-winged aphids not only 
show considerable variation in the times of determination within the 
usual order of embryonic segregation but this sometimes is disturbed 
by irregularities. 

Thus it will be seen that in two types of intermediacy which are 
quite different in that one is of an intersexual character and results 
from a genic imbalance, the other not intersexual and probably due to 
environmental factors, yet both support in a general way the theory 
that in at least some of the invertebrates there is a succession of em- 
bryonic determinations. 


SUMMARY 


In two strains of aphids of the species Macrosiphum solanifolii, in- 
termediates between winged and wingless females were experimentally 
produced, and a histological study was made of these. Aphids may 
show internal intermediacy when there is no evidence of it externally, 
therefore the degree of winged-wingless intermediacy cannot be safely 
judged by external observations alone. 

Two theories attempting to explain the combination of characters 
(wings, ocelli, wing muscle) found in intermediate-winged aphids are 
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discussed. The first theory postulates that the combination of charac- 
ters in intermediates is due to the fact that the differentiating organs 
are determined at different times in the embryogeny (time-of-deter- 
mination theory), while the second theory assumes that the structural 
character of intermediates results from a given concentration of some 
substance (physiological level theory) in development. 

It could not be ascertained from the conditions under which these 
aphids were reared what direction of change (winged to wingless or 
wingless to winged), assuming there was a change, produced a given 
winged-wingless intermediate, but evidence is given which indicates 
that the character of the wing muscle is correlated with some definite 
change in the direction of embryonic development. The evidence makes 
it appear probable that degenerate wing muscle means that the inter- 
mediate aphid is the result of some physiological change from a winged 
to wingless form during the embryogeny ; whereas the intermediate with 
normal wing muscle appears to be the result of a change from wingless 
to winged during its development. 

If the time-of-determination theory were perfectly applicable to 
intermediate-winged aphids they should all fit one (the same one) of the 
six possible assumptions for the time at which the wings, ocelli and 
wing muscles may be determined in the embryogeny. More than two- 
thirds of the aphids of this study did fit one assumption (Assumption 
IV) which is evidence that in a general way the composition of inter- 
mediates is determined by the segregation of their differentiating struc- 
tures at different times in the embryogeny. This indicates that organs 
are determined in a serial order in aphids, as has been found true for 
certain vertebrates. The order of embryonic determination of the 
structures distinguishing winged from wingless is wings, ocelli, and 
wing muscles. 

The small differences between the amount of development in wings, 
ocelli, and wing muscles found in many cases is taken to indicate that 
the time of determination of these organs is close together. However, 
that the period of embryonic segregation for these three structures is 
of considerable duration is suggested by the large number of intergrades. 

Most of the intermediates which did not conform to Assumption IV 
appeared to owe their irregular combination of characters to a shift in 
the time of determination of the ocelli. The simplest explanation of 
these irregularities is to postulate that the time of segregation may vary 
for a given organ in different individuals. 

An interpretation of the combination of differentiating characters 
of intermediate-winged aphids based on the physiological level theory 
would involve the necessity of assuming that the threshold of stimulation 
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for the development of these organs varies in different individuals. 
Moreover, the threshold of stimulation would have to show a series of 
regular variations to produce aphids fitting one direction of development, 
as winged to wingless, at one time and another direction, as wingless to 
winged, at another time. The difficulties involved in making such an 
assumption renders this hypothesis highly improbable. 

The results of this investigation support the time-of-determination 
theory with the modification of frequent variations in the time at which 
an organ may be embryonically determined. 
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PHYSIOLOGY OF REPRODUCTION OF OSTREA VIRGINICA 
I. SPAWNING REACTIONS OF THE FEMALE AND MALE 


PAUL S. GALTSOFF 


(From the U. S. Bureau of Fisheries, Published by Permission of the 
U. S. Commissioner of Fisheries) 


Sexual cycles of many marine organisms are determined by specific 
rhythms in the development of their gonads, and by environmental con- 
ditions which to a great extent control the discharge of ripe sex cells. 
The simplest sexual reactions are to be found among the animals which, 
lacking organs of copulation, shed their eggs and sperm directly into 
the water. In these cases fertilization is a matter of the chance meeting 
of ovum and spermatozoan outside of the organism, and the propaga- 
tion of the species is dependent upon the production of large numbers 
of sex cells and the correct timing of their emission. The latter condi- 
tion is significant for it enhances the probability that the eggs will be 
inseminated before they become unfertilizable. Since our knowledge 
of the physiology of the reproduction of marine invertebrates is very 
inadequate, conditions which govern the discharge of their sex products 
are but little understood. 

The present investigation of the physiological reactions involved in 
the reproduction of the oyster was undertaken with the view of deter- 
mining the factors controlling the sexual activity of this mollusk. Be- 
cause of its widespread distribution, its abundance and the anatomical 
simplicity of its organs of reproduction, the common oyster of com- 
merce appears to be very suitable for such a study. The work was car- 
ried on during a number of summers at Woods Hole, Massachusetts ; 
Milford, Connecticut ; and Galveston, Texas. Supplementary observa- 
tions on O. gigas (Japanese oyster) and O. commercialis (Australian 
oyster) were made at the Hopkins Marine Station, Pacific Grove, 
California, and at the Marine Laboratory of the University of Hawaii 
in Honolulu. The first part of this study contains a description of the 
sexual reactions of the female and the male oyster. The subsequent 
parts, which will be published separately, deal with the stimulation and 
specificity of sexual reactions and their significance for the survival of 
the species. 

REPRODUCTIVE CYCLE 


The annual reproductive cycle in Ostrea virginica begins in autumn 
immediately after the completion of the preceding spawning period. At 
461 
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this stage the gonad follicles are lined with indifferent germinal epithe- 
lium and the sexes are often indistinguishable. A transition to the next, 
the sex-differentiation stage, is marked by a slight expansion of the 
gonad tissue and the appearance of either ovo- or spermocytes. The 
gonad remains in this condition until the next spring when an extensive 
proliferation of the follicles accompanied by rapid ovo- or spermato- 
genesis results in the production of large numbers of sex cells. During 
the following summer almost all of them are discharged and the few 
remaining within the follicles are cytolized and destroyed by phagocytes. 

The spawning season, during which one or several emissions may 
occur, lasts for about six weeks in the North Atlantic States (north of 
the Chesapeake Bay) but in the warm waters of the South Atlantic and 
Gulf of Mexico may extend from March to the end of October. In 
every body of water a great part of the oyster population spawns more 
or less simultaneously. This is evidenced by the appearance in plankton 
collections of a large number of oyster larve which often occur at 
regular intervals or cycles corresponding to the outbursts of sexual 
activity (Prytherch, 1928; Hopkins, 1931). 

Young oysters, excepting those living north of Cape Cod, reach 
sexual maturity at the end of their first year (Coe, 1936) and barring 
unfavorable conditions, the mollusk breeds every year until its death. 


The fecundity of an oyster apparently does not decrease with age for 
in very large specimens measuring from 6 to 10 inches in length, the 
gonads may be well developed and contain large numbers of fertilizable 


eggs. 


ANATOMY OF THE ORGANS OF REPRODUCTION 


A brief description of the essential anatomical features of the gonads 
is necessary for an understanding of the mechanism of ovulation and 
ejaculation. In both sexes the gonads are paired structures consisting 
of a large number of profusely branching tubules situated within the 
layer of connective tissue immediately beneath the epithelial covering 
of the body. Ina well-developed organ the ramifying tubules concresce 
along the dorsal side, forming one continuous layer investing the vis- 
ceral mass. Two distinct systems of genital canals and two gonoducts, 
one on each side of the body (Fig. 1, GD) remain the only signs of the 
paired condition of the gonad. The thickness of the gonad layer, 
measured in transverse section through the anterior part of the body 
at the level of the stomach, varies from year to year according to the 
number of cells produced during the winter and spring. In cases of 
extraordinarily prolific development this creamy and well-defined zone 
may reach over 20 mm. in thickness in an adult oyster. It may be less 
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than 1 mm. in a poorly developed gonad. It is not clear what conditions 
are responsible for these differences, which may occur from year to year 
in the same locality and in the same stock of oysters. This problem 
calls for special investigation which is beyond the scope of the present 
work. 

In a well-developed gonad of an oyster, the branching and twisted 
tubules are crowded with sex cells. A few follicles can be found, the 


i 
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Fic. 1. Female Ostrea virginica, right shell and part of the mantle fold re- 
moved. The wall of the suprabranchial chamber dissected and gills pulled down 
to show the ovary and the water tubes of the gill lamella. X 1. 

A, anus; B, border of mantle; C, cloaca; E, eggs passed through the gills and 
accumulated in the pallial cavity; G, gills; GC, genital canals; GD, gonoduct (ovi- 
duct); H, hinge; M, mantle; O, ovary; P, pallial cavity; SB, suprabranchial 
chamber; SM, adductor muscle, portion with striated fibres; T, tentacles; UM, 
adductor muscle, portion with smooth fibres; W, water tubes of the gills; UGC, 
urinogenital cleft. Arrows indicate the direction of the cloacal current. 


lining of which still consists of a single layer of undifferentiated ger- 
minal epithelium or of cells at various stages of spermato- and ovo- 
genesis. The wall of each follicle is made of a thin layer of connective 
tissue fibres. The outermost portion of the gonad, adjacent to the 
surface epithelium, is occupied by an anastomosing system of genital 
canals which in a ripe specimen are easily recognizable with the naked 
eye. They form an arborescent structure (Fig. 1, GC) in which the 
branches increase in diameter toward the posterior end of the gonad. 
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The genital canals persist throughout the year and constitute the primary 
gonads, which, by the growth of their inner walls and a series of 
evaginations, give rise to the tubular secondary follicles. In transection 
the lumen of the genital canal appears as a narrow space between a thin 
body wall, consisting of a layer of connective tissue covered with epi- 
thelium, and a dense mass of ovarian or testicular follicles. The por- 
tion of the lumen adjacent to the body wall is lined with a ciliated 
epithelium while its opposite side, i.e., the inner arch of the lumen, is 


Fic. 2. Ostrea edulis, transverse section of the right urinogenital cleft and 
oviduct preserved during ovulation. Camera lucida drawing X 150. Hzmatein- 
eosin. 

B, blood cells; CE, ciliated epithelium; CT, connective tissue; F, connective 
tissue fibres; G, oviduct; M, muscle fibres; MC, mucous cells; R, ridge of ciliated 
cells separating the oviduct from the urinogenital cleft; SB, suprabranchial cham- 
ber; O, ripe eggs discharged from ovary; U, urinogenital cleft. 


lined with germinal epithelium. Scattered muscle fibres are found here 
and there in the connective tissue of the gonad but are slightly more 
abundant in the body wall exterior to the genital canals. In both sexes 
the canals converge on each side of the gonad into a very short gonoduct 
(oviduct or spermiduct) through which the sperm or ova are discharged 
into a urinogenital cleft (UGC). In an adult oyster about 4 inches 
long, examined by the author, the oviducts did not exceed 0.15 mm. in 
length while the spermiducts were about 0.75 mm. long. When the 
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gonoduct is empty its lumen has a slit-like appearance with the ciliated 
lining folded in numerous ruffles (Fig. 2). In the ducts filled with 
eggs or sperm, the walls are greatly distended and the epithelial lining 
is stretched (Fig. 3). 

The lumen of the gonoducts is completely lined with ciliated col- 
lumnar epithelium which rests on a basal membrane surrounded by a 
layer of connective tissue fibres. The absence of germinal epithelium 
distinguishes the gonoducts from the genital canals although the transi- 
tion from the canal to the duct is gradual. Circular and oblique muscles 
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Fic. 3. Ostrea edulis, transverse section of left urinogenital cleft and spermi- 
duct preserved during ejaculation. Both spermiduct (G) and the urinogenital 
cleft (U) are filled with ripe sperm. Camera lucida drawing X 150. Hematein- 
eosin. 

CE, ciliated epithelium; CT, connective tissue; G, spermiduct; MC, mucous 
cells; M, muscle fibres; SB, suprabranchial chamber; U, urinogenital cleft. 


are scattered in the walls but do not form a continuous sheathing. In 
preparations stained with hematoxylin and eosin, the connective tissue 
fibres can easily be mistaken for muscle fibres but their true nature is 
clearly revealed in sections treated with the differential triple stain of 
Mallory which stains the connective tissue blue. Roughley (1933) 
states that in Ostrea commercialis the gonoducts are surrounded by 
bands of sphincter-muscle fibres immediately internal to the cleft. No 
such structures have been found in O. virginica although, as stated 
above, a few scattered muscles occur in the walls of the gonoducts. 





466 PAUL S. GALTSOFF 


Unfortunately no illustration of the sphincter is given by Roughley and 
a detailed comparison between the gonads of the two species of oysters 
is therefore impossible. 

The urino-genital cleft into which the gonoducts open anteriorly and 
independently of the ureter is a narrow slit on the surface of the gonad 
(Fig. 1, UGC). A delicate membrane of connective tissue covered on 
both sides with ciliated epithelium forms the external portion of its 
wall. Histologically the cleft differs from the gonoduct only in the 
character of its epithelial lining which contains large numbers of mucous 
cells absent in the gonoduct (Figs. 2,3, MC, CE). In the female the 
opening of the gonoduct into the cleft is marked with a well-pronounced 
ridge of tall ciliated cells not noticeable in the male (Fig. 2, R). On 
each side of the oyster the urinogenital cleft opens into a suprabranchial 
chamber in which a strong outgoing stream of water is maintained by 
the ciliary motion of the gill epithelium. 

From an anatomical and histological study of the gonad it may be 
inferred that eggs and sperm are discharged primarily by the motion of 
the cilia of the epithelial cells lining the genital canals and gonoducts 
and that the contraction of the muscle fibres scattered between the 
follicles and in the walls of the canals is of lesser importance and prob- 
ably only facilitates their release from the follicles. Judging by the 
distribution of the muscle and connective tissue fibres in the walls of 
the gonoducts, it appears possible that their contraction may to a certain 
extent constrict the lumen and thus impede the emission of sperm or 
ova. The muscle fibres appear to be better developed in the walls of 
the spermiducts than in the oviducts (Figs. 2, 3, M@). Their possible 
role in ejaculation is discussed later. 


SPAWNING REACTIONS OF THE FEMALE 


The spawning of the female may be divided into three distinct 
phases: the discharge of eggs from the ovary (ovulation), the rhythmi- 
cal contractions of the adductor, and the closing and opening of the 
mantle. Of these the first phase is obviously the principal sexual reac- 
tion of the organism, while phases two and three may be considered 
as accessory reactions providing a mechanism for the dispersal of eggs. 
Spawning may be observed in a ripe female without employing special 
apparatus or procedures. For observation the oyster is placed in a 
small glass dish filled with warm sea water (25-27° C.). When the 
shell opens and the mollusk begins to feed, one can easily notice that 
the opposite borders of the mantle are kept sufficiently apart to permit 
free access of water into the pallial chamber. Under ordinary circum- 
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stances this position of the mantle is maintained for a long time with 
only occasional changes (Hopkins, 1933, p. 482, Fig. 7, 4). An ap- 
proaching spawning is marked, however, by an unusual muscular ac- 
tivity along the edges of the mantle and by a change in the position of 
its inner borders and tentacles. The opposite folds which previously 
were flattened and kept almost parallel to the surface of the shell, now 
occupy positions perpendicular to it. Contractions of the mantle and 
the corresponding changes in the positions of its borders begin simul- 
taneously from the posterior and anterior ends and spread toward the 
middle. The process continues for several minutes. During this time 
the borders may come in contact with one another and separate again. 
Finally they assume such a position that the pallial cavity is almost 
completely closed, only a small opening being left at a place approxi- 
mately equidistant from the mouth and cloaca. 

In the majority of cases the tonus level of the adductor muscle 
changes during this time and the valves open more widely. Then the 
adductor begins a series of contractions which continue until the end of 
spawning. Coincident with the relaxations of the adductor and gaping 
of the valves, a white cloud of ova appears at the anterior part of the 
pallial chamber (Fig. 1, E) and, descending posteriorly, fills it. The 
ova accumulate in front of the small opening left between the two 
opposite borders of the mantle and by sharp contraction of the adductor 
are expelled into the water (Fig. 6). Almost immediately the adductor 
relaxes, the valves open again, the borders of the mantle come together 
leaving the opening at approximately the same place it occupied before, 
and a new batch of eggs, which in the meantime has entered the pallial 
chamber, is expelled. The process repeats itself with great regularity 
and may continue for more than one hour, its duration depending on 
the amount of ripe ova in the gonad. Gradually the discharge of eggs 
ceases; the contractions of the adductor become weaker and irregular, 
and the reaction reaches an end. 

The activity of the mantle during spawning is less important than 
the contraction of the adductor for in many instances, especially when 
only a small number of eggs are discharged, the mantle borders remain 
flattened and the pallial cavity is open along its entire length. It is 
evident that the formation of a small aperture, although helpful in 
producing better dispersal of eggs, is not indispensable to the success 
of spawning. 

For a more detailed study of the behavior of the adductor muscle 
during spawning the following technique was used. An oyster im- 
mobolized on its left side with a mixture of plaster of Paris and cement 
was placed on a suitable support in a glass tank containing 27.5 liters 
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of sea water. The right valve was attached to a lever which recorded 
the shell movement on a slow-motion kymograph. Temperature was 
maintained constant within + 0.1° C. by means of a heater, stirrer, and 
mercury temperature controller, operated through a relay. The entire 
set was mounted on an adjustable base supported by a tripod. Water 
was continually aerated or, if necessary, was kept running. The lever 
was arranged in such a way that the closed positions of the shell cor- 
responded to the peaks of the kymograph curve. By this method sev- 
eral hundred records of shell movement were obtained. Those repro- 
duced in this paper are the photographic prints of the originals. 
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Fic. 4. Ostrea virginica, spawning reaction of a female. A, normal muscular 
behavior during feeding; B and C, spawning reaction. Time interval, 1 minute 
(bottom line). Note the change in the tonus level during the latent period. 
¢ indicates time when live sperm was added to the water. 


The closing of the shell of an oyster is affected by the contraction 
of the adductor muscle; its opening is due to the elasticity of the hinge 
ligament which acts as a spring forcing the valves apart when the 
adductor relaxes. Spontaneous shell movements are therefore entirely 
controlled by the contractions and relaxations of the adductor, whereas 
the purely mechanical action of the hinge depends exclusively on the 
expansion of the compressed elastic material of which it is composed. 
Under ordinary conditions the shell movements of an oyster are rather 
irregular (Fig. 4, 4). Occasional strong contractions of the adductor 
resulting in a complete closure of the valve are followed by periods of 
relaxation interrupted by one or several light contractions causing par- 
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tial closing of the shell. Strong contractions are either ejection reac- 
tions by which the oyster gets rid of the material accumulated in the 
branchial chamber, or are responses to a great variety of chemical and 
physical stimuli; as for instance—mechanical disturbances, sudden 
change in the intensity of illumination, chemical irritation by acids, 
salts, and various other organic and inorganic compounds. The mag- 
nitude of the reaction in these cases is usually directly proportional to 
the intensity of the stimulus. 

Partial closure of the valves is caused by the contraction of the stri- 
ated part of the adductor muscle, while the maintenance of the valves 
in a given position against the pull of the hinge is attributed to the 
smooth component or so-called “catch” muscle. Under normal en- 
vironmental conditions shell movements are characterized by long re- 
laxation periods which vary from two to several minutes and are often 
interrupted by secondary contractions. A comparison of the records 
obtained during feeding with those performed at the time of spawning, 
reveals a great difference in the muscular behavior. The approach of 
ovulation is very often accompanied by a change in the tonus level 
(Fig. 4, B) and greater relaxation of the adductor. Then begins a 
series of rapid contractions and relaxations following one after another 
with remarkable regularity and continuing for a considerable time. Con- 
stancy in the amplitude of the relaxation curve, especially during the 
first half of the reaction, and the remarkable rhythmicity of the con- 
tractions are the most distinctive features of the sexual reaction of the 
female. These phenomena do not occur under any other circumstances. 
Attempts to reproduce this type of reaction in non-spawning females by 
physical stimulation (pricking, electric current) or by applying various 
drugs and chemicals, have been unsuccessful. Rhythmical contractions 
of the striated component of the adductor in O. gigas were described 
by Hopkins (1936, p. 500, Fig. 1), who noticed their relations to the 
discharge of water from the cloaca and suggested that the impulses of 
the activity originate within the digestive system. That the rhythmicity 
of muscular behavior can be due also to other causes is obvious from 
the observations on oysters left for several hours without aeration or 
changing water (Fig. 5). In these cases a peculiar behavior of the 
adductor is probably caused by the accumulation of CO, and other 
products of metabolism for the normal activity is restored as soon as 
water is renewed. Injection of 1: 10,000 solution of adrenalin into 
the pallial cavity also results in the rhythmical contraction which, how- 
ever, lasts only for a short time (Fig. 5, C). All these contractions 
have longer relaxation periods and are less regular than those associated 
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with the sexual activity of the oyster. This can easily be noticed by 
comparing the records reproduced in Figs. 4 and 5. 

The question may be raised whether the behavior of the adductor 
during spawning represents ejection reactions in response to irritation 
caused by the presence of ova in the pallial chamber. That this is not 
the case is indicated by the continuation of typical spawning reactions 
after the discharge of ova has ceased. Furthermore, the quick relaxa- 
tion, which always precedes a sharp contraction of the adductor during 
spawning, begins before the eggs appear in the pallial chamber and the 
amplitude of the contraction is entirely independent of the amount of 
the discharged material. It is typical of the spawning reactions that 


Fic. 5. Non-spawning rhythmical contractions in female oysters. O. vir- 
ginica (A) and O. gigas (B) kept for several hours without aeration. C, effect 
on adductor muscle produced by 1: 10,000 adrenalin solution injected into pallial 
cavity of O. virginica. Time of two treatments indicated by arrows. Time in- 
terval, 1 minute (bottom line). 


the contractions begin with the maximum amplitude of the up and down 
strokes (Fig. 4), although at the very beginning only a few ova are 
discharged. If the rhythmical contractions were only ejection reactions 
comparable to the oyster’s response to irritation caused by the accumula- 
tion of foreign material in its pallial chamber, one would expect that 
the amplitudes of the curves would have varied with the amount of 
material expelled. All the records obtained during the present investi- 
gation show, however, that the strokes of the greatest amplitude occur 
at the beginning of the reaction and remain constant for a considerable 
period of time. The supposition that the contractions of the adductor 
during spawning are ejection reactions is therefore untenable. It may 
‘ be inferred that the adductor of the ovulating female receives specific 
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internal stimuli which contro! its action, and which are present only 


during ovulation. 
At the beginning of spawning the adductor muscle may contract as 
many as three times a minute but gradually the rhythm slows down, the 


contractions become less frequent and less regular; the duration of the 
relaxation periods increases, and the muscle resumes its normal activity. 
Sometimes the change takes place so gradually that the end of the reac- 


tion can not accurately be determined. 


Fic. 6. Female O. virginica in the act of spawning. The photograph was 
taken at the moment the eggs were discharged by snapping of the valves. Note 
near the edges of the shell, a narrow jet of eggs expelled through a small opening 
between the borders of the mantle. 


Kymograph records show that during spawning the relaxation pe- 
riods are interrupted by brief pauses which give the curve a ladder-like 
appearance usually more pronounced toward the end of the spawning 
(Fig. 4,C). As will be shown later, this second half of each relaxation 
period coincides with the appearance of ova in the pallial chamber. 

Contractions of the adductor, plus the action of the mantle, provide 
an efficient mechanism for the dispersal of ova in the surrounding water. 
The small hole between the two borders of the mantle through which 
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the ova are ejected, produces the same effect as a narrow nozzle at the 
end of a garden hose, considerably increasing the zone of their dispersal. 
Spawning females taken out of the water were observed to shoot their 


spawn to a distance of about four feet. Since fertilization takes place 


outside the organism and since the ova, being heavier than water, quickly 
settle on the bottom, the biological significance of this arrangement and 
the advantages it provides for the propagation of the species are obvious. 


Fic. 7. Transverse section of the gills of the female O. virginica killed during 
spawning. Photomicrograph X 88. Hzmatein-eosin. Note the presence of eggs 
in the water tube, W’, and in the ostium, O. 


During ovulation ripe eggs are discharged through the oviduct and 
urinogenital cleft into the suprabranchial chamber and cloaca. Their 
passage from the ovary and through the ducts can easily be observed in 
a living organism. For this purpose a spawning female is taken out of 
the water, one of its valves is removed, and the urinogenital cleft ex- 
posed by making an incision in the wall of the cloaca and suprabranchial 
chamber. The oyster is immediately returned to the water. The pas- 
sage of eggs along the genital canals, oviduct and through the cleft can 
now easily be observed with a magnifying lens. Ova expelled by the 
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ciliary action of the epithelial lining of the ducts form a continuous 
stream and settle in the exposed part of the cloaca. Some of them are 
carried away by the cloacal current. Ovulation, once started, continues 
without interruption for a long time and is not stopped even by severe 
injury to the organism. The contractions of the severed adductor 
muscle persist but are not correlated with the delivery of eggs from the 
ovary. There are no noticeable contractions in the walls of the genital 
ducts or in the urinogenital cleft. 

The question naturally arises as to how, in the intact organism, the 
ova discharged into the suprabranchial chamber reach the pallial chamber 
from which they are completely separated by the gills and walls of the 
branchial chambers (Fig. 1). Investigations of Kellogg (1892) ; Yonge 
(1926) ; Galtsoff (1928) ; Hopkins (1933) and others show that water 
is pumped from the pallial chamber through the ostia and water tubes of 
the gills into the suprabranchial chamber from whence it is expelled into 
the cloaca. In O. virginica a portion of it goes into an asymmetrical 
promyal chamber. In an actively feeding oyster a stream of water can 
easily be noticed at the dorso-posterior and dorso-anterior sides of the 
body. One would naturally expect that every particle introduced into 
the suprabranchial chamber would be carried away with one of these 
streams (Fig. 1). Yet the ova of a spawning female find their way 
into the pallial chamber against the current produced by the gills and 
are expelled from the posterior side of the body (Fig. 6). 

Observations on ovulation in females in which the valve has been 
removed and the cloacal wall has been dissected, show that the only way 
the eggs discharged into the suprabranchial chamber can reach the pal- 
lial cavity is through the water tubes and ostia of the gills. This conclu- 
sion is fully corroborated by examination of sections of female oysters 
killed during the act of spawning in which unfertilized ova were found 
inside the water tubes and near the ostia (Fig. 7, W, O). Since the 
beating of the lateral cilia throws the suspended particles toward the 
outer surface of the gill lamelle (Galtsoff, 1928) where they are caught 
by the frontal cilia and eventually conveyed toward the mouth, the pres- 
ence of an egg just underneath the lateral cilia is good evidence that it 
has reached this place from inside through the water tubes and supra- 
branchial chamber. This conclusion is fully supported by experiments 
in which the passage of eggs through the gills was observed in vivo. 
The following technique has been developed for making such observa- 
tions. A piece of shell of a ripe female was sawed off and carefully 
removed avoiding any injury to the tissues. After the operation, the 
underlying piece of mantle usually rolled up exposihg the gills (Fig. 
8, A). The oyster was then placed in a finger-bowl filled with sea water 
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(25° C.) and ovulation was stimulated by the addition of sperm (Galt- 
soff, 1930b). The shell movement was recorded on a kymograph by 
means of a lever attached to the remaining portion of the valve. The 
exposed gills were illuminated by a strong light and examined under 2 
binocular microscope mounted on a suitable stand. Under these condi- 


tions the passage of eggs through the gills could easily be observed. 
It has been noticed that they emerge from the ostia in the area which 


B 


Fic. 8. Ostrea virginica, passage of eggs through the gills. A, portion of 
shell is sawed off and the mantle rolled up. Eggs (£) pass through the anterior 
part of the gills. B, anterior half of the shell is removed but the adductor is 
intact. Eggs are discharged through the cloaca. 


extends from the anterior part of the gills for about two-thirds of their 
iength. The greater number of eggs pass along the proximal half of 
the gill lamellz, although some of them escape through the distal portion 
of the gill. This experiment has been repeated several times and each 
time the moment of the appearance of eggs on the surface of the gills 
was marked on the kymograph curve. The emergence of eggs through 
the ostia coincidéd with the maximal gaping of the valves and was 
therefore associated with the rhythmical contractions of the adductor. 
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What forces the eggs to take the course through the narrow passages 
of the water tubes against the current produced by the gill epithelium ? 
Several possible factors have been considered: a reversal of ciliary mo- 
tion in the gills, suction caused by the rhythmical movements of the 
valves, and difference in pressure between the suprabranchial and pallial 
chambers. While the evidence is not sufficiently conclusive to permit 
a definite answer to the question, certain of these possibilities may be 
ruled out. 

The possibility of the reversal of ciliary motion cannot be verified 
by observation because the action of the lateral cilia cannot be observed 
in the intact gill lamella. The beating of the frontal cilia may, however, 
be observed by noting the movement of particles of carmine powder. 
During the passage of eggs it appears to be normal. If there is a 
reversal of ciliary motion it is therefore limited to the lateral cilia. The 
possibility of a reversal of the lateral cilia may not be completely ex- 
cluded, but confirmatory evidence is lacking. Nelson (1936) states 
that the rate of pumping of water greatly decreases during the spawning 
of the female oyster. This may be indicative of a disturbance in the 
functioning of the lateral cilia. Another explanation is possible, how- 
ever, for we know that the mantles of the spawning female reduce the 
opening, or even almost close the pallial aperture. This action obvi- 
ously will decrease or completely stop the exchange of water. The 
reduced rate of pumping during spawning does not, therefore, mean 
that the beating of the lateral cilia ceased or was reversed. Other ob- 
servations cast further doubt on the reversal of ciliary motion in the 
gills. Experiments were performed in which the anterior portion of 
the shell was cat away, preventing shell movement but leaving the muscle 
with adjacent part of the shell intact (Fig. 8, B). Because the hinge 
was severed, the oyster was unable to open its valves, but the adductor 
muscle and its nerve ganglia were in no way affected by the operation. 
Under these conditions eggs discharged from the ovary do not pass 
through the gills but are washed away from the cloaca by the respiratory 
current. If there were a reversal of the ciliary beating during ovulation 
a continuous oozing of eggs through the gills would be expected. Addi- 
tional negative evidence is supplied by the fact that in several instances 
spawning oysters have been observed to discharge eggs both through 
the gills and through the cloaca. 

We have already seen that the emergence of eggs through the ostia 
coincides with the period of maximal gaping of the valves. These facts 
led the author to consider whether rhythmical shell movement might 
cause a suction which would draw the eggs from the suprabranchial 
chamVer into the water tubes and pallial cavity (see reference to this 
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in Hopkins’ paper, 1937, p. 457). Observations on oysters in which 
the gills were exposed by cutting a piece of shell, thus forcing the 
mantle to roll up and leave the pallial chamber wide open, make this 


explanation untenable. 
Observations made during the summer of 1937 with sex-inverted 
oysters (Galtsoff, 1937) are of particular interest because they show 


that something more than rhythmical shell movement is necessary for 
the passage of eggs through the gills. In these experiments one adult 
female, which during the preceding summer was a male, discharged the 
eggs through the cloaca in male fashion in spite of the well-developed 
contractions of the adductor which are typical for a spawning female. 
\ 


Ss HA 


OVULATION 


Fic. 9. Ostrea gigas, spawning reaction of two females. A, beginning of 
the reaction; note change in tonus level during the latent period and rhythmical 
contractions during ovulation. B, spawning reaction about one hour after its 
beginning; during the brief periods of contractions eggs are discharged through 
the gills; during the relaxation periods (horizontal parts of the curve) they are 
discharged through the cloaca. Time interval, 1 minute (bottom line). 


Obviously some other conditions necessary to drive the eggs through 
the gills were still wanting. 

The fact that the eggs are forced through the gills from the inside 
indicates that pressure in the suprabranchial chamber is higher than 
on the other side of the gill lamella. The increase in pressure can easily 
be produced by the discharge of a large amount of material from the 
gonad and closure of the cloacal opening. Although direct evidence is 
lacking, this supposition is in accord with other observed facts. Since 
it is known that the discharge of eggs from the ovary once started con- 
tinues without interruption for a long time, it is logical to expect that 
pressure inside the suprabranchial chamber increases when the céntrac- 
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tion of the adductor closes the valves and compresses the gill lamellz. 
During the following relaxation and gaping of the valves the gill lamellz 
spread apart and eggs which had accumulated inside are forced through 
the water tubes and ostia. This may be possible only if the cloacal 
opening remains closed for otherwise they would be carried away with 
the outgoing current of water. Whether the soft and contractile edges 
of the cloaca come together, closing the opening during ovulation, has 
not been ascertained by observation but the spreading and contraction 
of the gill lamellz has often been noticed. 

The rather complex and circuitous method of discharging eggs de- 
scribed for O. virginica occurs also in other bivalves. It is known that 
in many incubatory forms the ova are retained in the interlamellar 
branchial spaces. In Ostrea edulis, O. angasi, O. lurida, and Entovalva 
sp. (Pelseneer, 1906, p. 244) eggs develop in the pallial chamber outside 
the gills, but in the Unionide they are retained in the interlamellar 
branchial spaces in which special pouches or marsupia are developed 
(Ortmann, 1911; Lefevre and Curtis, 1910). Ovulation in the latter 
forms was observed in but a few cases (Latter, 1891; Ortmann, 1911, 
p. 298; Howard, 1914, p. 35). Latter, describing the process in 
Anodonata and Unio, states that “In order that the ova may reach, 
their final resting place there must be some reversal of the respiratory 
currents.” He could not, however, detect any reversal of the ciliary 
motion and attributed the passage of eggs from the cloaca into the gills 
to a suction caused by the gaping of the valves. This conclusion, how- 
ever, was not verified by observation. 

Stafford (1915) states that in O. lurida eggs liberated from gono- 
ducts into the suprabranchial chambers, being too heavy to be carried 
in the respiratory current, flow naturally into the water tubes and are 
forced through them into the pallial chamber by the pressure of their 
mass. This explanation, apparently not based on observation, requires 
further verification for it is very doubtful that the ova of this species 
are much heavier than those of O. virginica. In the latter species, as 
has been shown above, they are easily carried away by the current. 
Furthermore, it seems improbable that the weight of eggs will be suf- 
ficient to counteract the current maintained in the water tubes by the 
ciliated epithelium. 

Spawning in all three groups of bivalves mentioned above may be 
considered as representing three consecutive stages of one process. In 
Unionide, the ova penetrate into the water tubes which develop into 
special broodchambers, to remain there until the emergence of the 
glochidia ; in the incubatory species of oysters, O. edulis and O. lurida, 
the ova completely pass through the gill lamellz but are retained in the 





478 PAUL S. GALTSOFF 


pallial chamber between the demi-branchs; in O. virginica, O. gigas 
and O. commercialis, they are discharged from the pallial chamber im- 
mediately after being forced through the gills. Here the process has 
reached its final development. All three different types of spawning 
may be attributed to a greater or lesser efficiency of the combined activity 
of the adductor muscle, gills, and cloaca during ovulation. A detailed 
physiological study of the spawning reactions of various species of 
Unionide and of the incubatory oysters will therefore be interesting. 


SexuAL Reactions oF O. gigas AND O. commercialis 


Sexual reactions in O. gigas and O. commercialis are similar to those 
described for O. virginica. Kymograph tracings of shell movements 
of spawning females of these oysters show the same typical character- 
istics, namely, change in tonus level during the latent period, rhyth- 
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Fic. 10. Ostrea commercialis, spawning reaction of a female. A, muscular 
behavior during feeding. B, spawning reaction. Time interval, 1 minute (bot- 
tom line). 


micity in the contractions of the adductor muscle and gradual fading 
of the reaction (Figs. 9,10). The reaction in O. gigas differs slightly, 
however, from that of the other two species. As a rule, the Japanese 
oyster discharges eggs both through the gills and cloaca. In one of the 
experiments, for instance, muscular contractions and discharge through 
the gills continued for 13 minutes while ovulation and emission of eggs 
through the cloaca lasted 21 minutes longer. It is impossible to state 
which of the two methods of discharge is the principal one in this 
species. Eggs discharged with the respiratory current through the 
cloaca often come in large lumps, several millimeters long, which im- 
mediately settle on the bottom. Large numbers of eggs discharged in 
this manner are smothered and perish while those discharged through 
the gills are more widely distributed throughout the water and have a 
better chance to survive. No discharge of eggs through the cloaca was 
observed in O. commercialis. 
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DuRATION AND NUMBER OF SPAWNINGS 


Spawning once started may continue for a long time and cannot be 
stopped by taking the oyster out of the water or even by inflicting 


A 


fe 


Fic. 11. Ostrea virginica, muscular behavior of five males (A-E) during 
ejaculation. Time interval, 1 minute (bottom line). 


severe injury to its body. Duration of ovulation, i.e., of the discharge 
of ova from the gonad, cannot be measured with accuracy since the 
release of small numbers of eggs can easily be overlooked. Duration 
of the typical spawning reaction of the adductor, on the other hand, 
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can be determined from the kymograph records, except in the cases 
where the fading of the curves is so gradual that the cessation of the 
reaction is indistinct. In many instances, however, the curves of mus- 
cular activity show changes sufficiently sharp to indicate the end of 
spawning. In 101 records of O. virginica available for analysis, the 
duration of spawning varied from 4 to 118 minutes. The shortest 
periods were recorded either at the beginning or toward the end of the 
reproductive season. In O. gigas (13 records), the duration of the 
discharge of eggs either through the gills or through the cloaca varied 
from 15 to 130 minutes. In the two records obtained with O. com- 
mercialis spawning lasted 12 and 29 minutes. 

Copious ovulation was observed always to be accompanied by a large 
amplitude of the up and down excursions of the adductor and the 
greater frequency of its contractions. The greatest number of eggs 
discharged during one spawning was found to be 114.8 millions in O. 
virginica and 55.8 millions in O. gigas (Galtsoff, 1930a). In both 
cases histological examination of the spawned females revealed that 
only a small portion of the sex cells had been released. Judging by the 
thickness of the gonad layer, the fertility of O. gigas appears to be much 
greater than that of O. virginica. There is no doubt that the number 
of eggs discharged during one spawning, given above, does not repre- 
sent the maximal figure. 

That O. virginica may spawn several times during one season was 
ascertained by experiments conducted during several summers between 
June 15 and August 7, at Woods Hole. Under laboratory conditions 
a single female was induced to spawn seven times during this period. 
How often an individual oyster spawns in nature has not been deter- 
mined but it may be assumed that under favorable conditions it behaves 
in its natural environment in the same manner as in the laboratory. Re- 
peated spawning was also observed in O. gigas. In the laboratory the 
females of this species were induced to spawn two or three times during 
one month. 


EJACULATION 


During ejaculation sperm discharged from the testis passes through 
the spermiduct and urinogenital cleft into the suprabranchial chamber 
from whence it is carried by the current of water into the cloaca and 
washed away. Muscular contractions of the adductor play no role in 
the release of sperm which is effected primarily by the ciliary motion 
of the epithelial lining of the gonad and respiratory current produced 
by the gills. The behavior of the adductor during ejaculation shows a 


great variety of conditions from almost a complete quiescence (Fig. 
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11, 4) to greatly increased activity characterized by small and irregular 
contractions (Fig. 11, Cand £). These contractions are not, however, 
concerned with the release of sperm. 

The sudden appearance of a jet of sperm at the beginning of ejacula- 
tion gives an impression of increased velocity of the cloacal current. 
The question whether there is an increase in ciliary activity during 
ejaculation was carefully studied in a number of experiments. —Two 
methods were employed for measuring the strength of the cloacal cur- 
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Fic. 12. Rate of pumping of water of the male O. virginica during con- 
tinuous ejaculation. Electric drop-counting method. Each point represents 10- 
second average of the number of drops of water discharged by the gills. 


rent. In the first series of experiments an electric drop-counting tech- 
nique, fully described in a previous publication (Galtsoff et al, 1935, 
p. 172) was used. The method consists in recording on a kymograph 
each drop of water pumped by the gills through a rubber tubing inserted 
into the cloaca. The method completely eliminates the effects of the 
adductor muscle and of the mantle which may constrict the pallial aper- 
ture, making it possible to obtain measurements of the efficiency of the 
ciliary epithelium alone. The results of the two experiments in which 
continuous records were obtained before, during and after ejaculation 
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are presented in Figs. 12 and 13. The experiments lasted 14 and 32 
minutes respectively. Each point plotted on the curves represents an 
average number of drops per second for the preceding 10-second inter- 
val. The exact time of stimulation and of the release of sperm is indi- 
cated by the arrows. In the first experiment (Fig. 12) ejaculation 
lasted continuously for several minutes. There was no increase in the 
ciliary activity at the beginning of ejaculation and, with the exception of 
one high peak and four depressions, the rate of pumping remained more 

r less constant. Stimulation, which in this case consisted in adding 
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Fic. 13. Rate of pumping of water by the male O. virginica during and be- 
tween ejaculations. Electric drop-counting method. Each point represents 10- 
second average of number of drops of water discharged by the gills. 


thyroidin to the pallial cavity of the oyster, was followed by a temporary 
inhibition of the rate of pumping. This was probably due to me- 
chanical stimulation, as a similar effect was noticeable in other cases 
when sea water of the same temperature was injected between the valves 
(Fig. 13). In the second experiment ejaculation was induced three 
times by the addition of oyster eggs. Not only was there no increase 
in the rate of pumping of water, but in two cases (Fig. 13, upper line), 
the rate materially decreased during ejaculation. 
Similar results were obtained by using the technique of Hopkins 
1933) for recording the relative strength of the cloacal current of an 
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intact oyster. In this method the velocity of the current is measured 
by the deflection of a light lever, one arm of which supports a small 
paper or celluloid cone placed in front of the cloacal opening. The 
deflections of the lever are proportional to the velocity of the current 
striking the cone. The method permits the study of the operations 
of the entire complex mechanism which controls the pumping of water 
by the gills. A photographic reproduction of a portion of one of the 
records is given in Fig. 14. The exact time of stimulation and the 
beginning and end of ejaculations are indicated by vertical marks (third 
line). The upper line represents the shell movement of the spawning 
male and the changes in the strength of current are shown on the second 
line. The uppermost points of both curves correspond to the closure 
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Fic. 14. Muscular contraction and relative strength of cloacal current during 
ejaculation of O. virginica. Double vertical bars (third line from top) mark the 
beginning of ejaculation. Single bars indicate its cessation. Time interval, 1 
second (bottom line). 


of shells and cessation of current. The record clearly shows a correla- 
tion between the strength of the current and shell movement and lack 
of significant change in the activity of the ciliated epithelium during 
ejaculation. The experiments repeated several times under various 
conditions always gave the same results indicating that sudden discharge 
of sperm during ejaculation is not due to the outburst of increased 
ciliary activity. Although no distinct sphincter is present in the spermi- 
ducts or in the urinogenital cleft, the ability of the male repeatedly to 
release small amounts of sperm under the influence of a proper stimulus 
suggests a sphincter-like action. Histological examination provides 
certain basis for this assumption for it shows (Fig. 3, M) the existence 
in the walls of the spermiducts of muscle fibres which are stronger and 
more abundant than in the oviducts. It is therefore probable that while 
the ciliated lining of the genital canals and spermiducts provides a motive 
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power which conveys the ripe sperm from the testis, the release of sperm 
is regulated by the contractions of muscle fibres scattered in the walls 
of the ducts. 

Ejaculation may proceed either from one or simultaneously from 
both spermiducts. At the beginning of the spawning season only a 
small amount of sperm is discharged at each ejaculation, which lasts 
only a few seconds, but repeated emissions can be induced immediately 
one after another. In several experiments a single male was stimulated 
to shed sperm more than a hundred times during a ten-hour period, 
‘ach time releasing a small amount of spermatozoa. As the season 
proceeds and the amount of ripe sperm in the testis increases, each 
ejaculation lasts longer. Finally a stage is reached when ejaculation, 
once started, continues for hours and cannot be stopped until the male 
is completely spent. 

Sperm discharged with the cloacal current remains in suspension for 
a considerable time and is widely distributed in the water. 

The males of O. gigas and O. commercialis behave in the same man- 
ner as the males of O. virginica. 


SUMMARY 


The gonad of an oyster consists of a large number of branching 


tubules containing sex cells and emptying into genital canals, the lumen 
of which is lined on one side with the ciliated epithelium. There are 
two gonoducts, one on each side of the gonad, which open into supra- 
branchial chambers. Spawning of the female consists in the discharge 
of eggs from the ovary (ovulation) ; rhythmical contractions of the 
adductor which cause opening and closing of the shell valves; and in 
the contraction and change in the position of mantle borders which 
almost completely close the pallial cavity. The last two phases of” 
spawning are accessory sexual reactions which provide mechanism for 
better dispersal of eggs in the water. Muscular behavior during spawn- 
ing is characterized by its remarkable rhythmicity and maintenance of 
a constant tonus level. It cannot be reproduced by artificial stimulation. 
Eggs discharged into the suprabranchial chamber are not carried away 
by the cloacal current but penetrate through the gills into the pallial 
cavity and are expelled by vigorous movements of the shell valves. 
Their passage through the gills coincides with the periods of greatest 
relaxation of the adductor and widest gaping of shell. If the shell 
movement is prevented by severing the hinge, eggs fail to pass through 
the gills and are discharged by the cloacal current. The possibility of 
the reversal of the ciliary motion and of the suction produced by shell 
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movement as the forces responsible for the passage of eggs through 
the gills are discussed and rejected as untenable. The following tenta- 
tive explanation is offered. The discharge from the ovary and the 
closure of the cloaca produce an increased pressure in the suprabranchial 
chamber which forces the eggs through the water tubes and gill ostia 
into the pallial cavity. The difference in pressure on both sides of the 
gill reaches its maximum when the valves open and the gill lamellz 
spread apart. This accounts for the penetration of eggs through the 
gill during the periods of greatest relaxation of the adductor. 

Ejaculation is not accompanied by the rhythmical contractions of 
the adductor and the sperm discharged through the spermiduct is car- 
ried away by the cloacal current. There is no increase in the rate of 
pumping of water during spawning. 

The discharge of sperm is probably controlled by the contractions 
of numerous muscle fibres in the walls of the spermiduct. Definite 
sphincter-like structure is absent. 
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